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1. Periodontium  
The periodontium are the specialized tissues that surround and support the teeth as well 
as maintain them in the maxillary and mandibular bones. The word “periodont” comes 
from the Greek terms peri-, meaning "around" and -odons, meaning "tooth", so literally 
taken, meaning "around the tooth". The periodontal tissue consists of root cementum, 
periodontal ligament (PDL), bone lining the tooth socket (alveolar bone), and that part of 
the gingival facing the tooth as shown in Figure 1. The root cementum is a non-uniform, 
mineralized connective tissue between the root dentin and the periodontal ligament. The 
role of the cementum is to anchor the principal collagen fibers to the root surface
1
. The 
PDL is interposed between the root cementum and the surrounding alveolar bone. This 
soft connective tissue is particularly well adapted to its principal function, i.e. supporting 
teeth in their sockets while at the same time permitting them to withstand the 
considerable forces of mastication. The PDL also has another important function, acting as 
a sensory receptor necessary for the proper positioning of the jaws during normal 
function2. As any other connective tissue, the PDL consists of cells and an extracellular 
compartment of fibers and ground substance. The cells include osteoblasts and osteoclasts, 
fibroblasts, epithelial cell rests of Malassez, macrophages, undifferentiated mesenchymal 
cells, and cementoblasts. The extracellular compartment consists of well-defined collagen 
fiber bundles embedded in ground substance. Particularly, the major collagen fibers in PDL 
running obliquely from the bone to the tooth surface are referred to as Sharpey’s fibers.  
2. Periodontitis 
The structure and composition of the periodontium both can be damaged by periodontal 
disease. Periodontitis, an advanced periodontal disease, is an inflammatory disease caused 
by accumulation of bacteria that upon prolonged periods of time can lead to irreversible 
loss of tissue. Periodontitis is characterized by the destruction of the coronal gingival tissue, 
loss of bone and connective tissue attachment to cementum, and can potentially lead to 
tooth loss. These changes often result in an aesthetically and functionally compromised 
dentition, which can have impact on social activity, emotional well-being and general 
nutrition intake. Surveys have shown that approximately 48% of adults have chronic 
periodontitis3. Up to 20% of senior adults suffers from severe, generalized periodontitis4.  
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Figure 1. Periodontium 
3. Periodontal treatment 
The aim of periodontal therapy is to prevent periodontal break down and restore the 
destroyed tooth supporting tissues. Conventional clinical treatment of periodontitis 
involves the reduction or elimination of the periodontal pathogenic condition to stop the 
progression of the disease. Scaling and root planning is applied to eradicate the clinical 
symptoms of the disease and indeed prevents further disease progression. However, these 
treatments do not result in regeneration of the lost or destroyed tissue structures. Instead, 
histological studies have shown a long epithelial downgrowth along the treated root 
surface, indicating a mere reparative type of healing5. Therefore, current periodontal 
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research focuses on the development of an approach resulting in complete and 
predictable regeneration of the periodontal tissues
6,7
. 
4. Periodontal regeneration 
To achieve periodontal regeneration is challenging, as three separate tissues are involved, 
i.e. the root cementum, the PDL and the alveolar bone. Periodontal regeneration can be 
defined as the complete restoration of all these lost tissues to their original architecture 
and function. Strategies are often sought by recapitulating the crucial wound healing 
events associated with the development of the periodontium
8
. Clinically, regeneration 
requires restoration of alveolar bone height to the cemento-enamel junction, regeneration 
of gingival connective tissue destroyed by inflammation, formation of new acellular 
extrinsic fiber cementum on previously exposed root surfaces, synthesis of Sharpey’s fibers 
and their insertion into the root surface, and re-creation of an epithelial seal at the coronal 
portion9.  
New therapeutic approaches available toward these objectives include use of bone filling 
materials and signalling molecules. Various types of bone filling materials have been 
investigated to determine their ability to stimulate periodontal regeneration, i.e. either 
synthetic materials or grafts from different types of biological sources. Although utilization 
of such grafting materials for periodontal defects may result in some gain in clinical 
attachment levels and radiographic evidence of bone fill, careful histologic assessment 
usually reveals that these materials have little osteoinductive capacity and generally 
become encased in a dense fibrous connective tissue10. Besides bone fillers, many 
signalling molecules have been used in periodontal regeneration, e.g. enamel matrix 
derivative (EMD, Emdogain®)11, platelet derived growth factor (PDGF)12, insulin growth 
factor (IGF)13, bone morphogenetic protein (BMP)14, growth and differentiation factor 5 
(GDF-5)
15
. However, the effectiveness of these approaches is not predictable, especially on 
new cementum and attachment formation9.  
Another regenerative approach, guided tissue regeneration (GTR), has also been 
investigated and applied in clinical practice. The principle of GTR technique is to use 
membranes to exclude the fast proliferating epithelial cells and gingival connective tissue 
from entering the healing site, while promoting the slower proliferating PDL cells, 
cementoblasts or osteoblasts to repopulate the defect site. Still, the limited clinical and 
histological success, particularly in advanced periodontal defects, has led researchers to 
further explore superior cure strategies16. 
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5. Tissue engineering and cell behaviour 
In view of the shortcomings of conventional periodontal treatment strategies, the field of 
periodontal tissue engineering has emerged. An engineering approach to periodontal 
regeneration would classically involve three components: PDL (or stem) cells, a (resorbable) 
scaffold, and growth factors (Figure 2). The thus formed construct subsequently can be 
delivered to a periodontal defect site. This strategy eliminates some of the limitations 
associated with conventional regenerative procedures, since the direct placement of 
growth factors and progenitor cells into the defect site overcomes the normal lag phase of 
progenitor cell recruitment to the site
10
. Cells are of no doubt central to the effectiveness 
of tissue engineering strategy. PDL cells have been reported to possess the potential to 
restore the hard and soft periodontal tissues into their original architecture
17
. It has been 
shown that the combined subpopulations in PDL cells can simultaneously synthesize hard 
and soft periodontal tissues in an organized manner18. PDL cells promote alveolar bone 
and cementum formation and may possibly also produce new Sharpey’s fibres. It is known 
that under appropriate conditions, PDL cells can be lead to either synthesis of calcified 
hard tissues or collagen bundles resembling ligament structures19.  
 
Figure 2. Periodontal tissue engineering 
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Cells are capable of sensing environmental signals, including biophysical and 
biochemical factors
20,21
. Many of these factors are provided by the extracellular matrix 
(ECM), which in nature acts as a cellular scaffold22. PDL cells are continuously subjected to 
mechanical stress due to mastication19. Research has shown that PDL cell behaviour, 
including many aspects of differentiation, is governed by such mechanical loading. Hence, 
besides growth factors, the use of mechanical strain is one of the methods that are 
currently employed to stimulate and differentiate PDL cells for tissue engineering purposes. 
Alternatively, the structure of ECM is another current focus in the tissue engineering field. 
PDL is a highly oriented tissue, containing parallel nano-scale collagen fibers. Such a 
nano-fibrous niche was shown to play a vital role in regulating tissue function, cellular 
performance and differentiation23-26. 
6. Objectives of this thesis 
There is no doubt that the predictable regeneration of the periodontal tissues to their 
original state and function is the ultimate goal for current clinical periodontology. Until 
now, this is still an illusion10. In order for new therapies to be successful, a thorough 
understanding of periodontal tissue regeneration is required. Much information remains 
to be unraveled regarding the variety of molecular and cellular processes associated with 
the formation of periodontal tissues. Particularly, little is known about the role and 
function of the implanted cells during the periodontal tissue engineering approach as well 
as how PDL cells are affected by specific mechanical and topographic stimulation. 
Therefore, the overall objective of the present thesis was to contribute to a better 
understanding of cell-based tissue engineering approach for periodontal regeneration. 
Animal models were used to explore the cell function in the regeneration process. In 
addition, PDL cells were investigated in vitro for their behaviour toward mechanical and 
topographic stimuli.  
More specifically, the following research questions were covered: 
1. What is the current state of the art in scaffolds and preclinical models used in 
engineering dental tissues?  
2. Does implantation of PDL cells promote periodontal regeneration in a rat 
maxillary periodontal defect model?  
Chapter 1 
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3. What is the role of implanted PDL cells in the process of periodontal 
regeneration? 
4. What is the influence of mechanical loading on PDL cells in a three dimensional 
cell culture system?  
5. How is PDL cell behaviour affected by the application of multi-factorial stimuli 
nano-scale grooved substrates and mechanical stretch?  
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1. Introduction 
The human innate ability to regenerate lost dental tissues is known to be limited. At 
present, due to the improved understanding of the wound healing process, together with 
the recent advances in material science and molecular biology, the “engineering” of 
specific dental tissues or the whole tooth appears to be more and more feasible. As a 
result, the treatment paradigm in dentistry has been changing from “mechanical solutions 
for biological problems to “biological solutions for biological problems”
1
. However, before 
a biological solution for a dental problem can be found in form of a commercially available 
tissue engineering product, a suitable biomaterial has to be developed and tested in an 
appropriate animal model.  
In this chapter, we will provide an overview of the scaffolds currently applied for 
dental tissue engineering, and the preclinical models, in which these have been evaluated. 
The most commonly used scaffolds and models will be discussed in view of their 
treatment strategy: regeneration of dental pulp complex, periodontium, alveolar bone. 
Based on our research experience, some guidelines for choosing the appropriate 
experimental settings will be given, and future directions for development in this field will 
be highlighted.  
2. Scaffolds in dental tissue engineering 
Various scaffolds have been designed for dental tissue regeneration, which can be 
basically used with or without combination of cells. In the first approach, cells are isolated 
and expanded in vitro and loaded to the scaffolds prior to implantation. In the second 
approach, bare scaffolds are implanted into the body and subsequently invaded by host 
cells. The scaffolds can also be loaded with bioactive molecules to regulate cell and tissue 
responses, such as growth factors. In principle, the ideal scaffold should possess the ability 
to:  
-facilitate cell attachment, migration, proliferation and special organization; 
-enable diffusion of cellular nutrients and oxygen; 
-exert certain mechanical and biological influences to modify cell behavior; 
-provide mechanical support in view of the function of the target tissue. 
The scaffolds can be present in various forms, e.g. sponges, gels or fibers, and can 
be made from different biomaterials, e.g. polymers, ceramics and metals. They are either 
biodegradable or non-biodegradable. In view of their origin, these can be categorized as 
follows: 
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2.1. Natural or biosynthetic biomaterials 
Natural or biosynthetic biomaterials, mostly polymers, are derived from renewable 
resources widely distributed in nature, namely from plants, animals and microorganisms. 
The commonly used materials in dental tissue engineering include collagen, gelatin, 
alginate and chitosan. Due to their biological origin, those materials offer the chemical and 
structural information of the natural extracellular matrix and possess superior 
biocompatibility. It has been demonstrated that they can be used to regenerate dental 
pulp
2
 and periodontal tissues
3
. For example, studies have shown that dental pulp cells and 
periodontal ligament cells can adhere and proliferate on chitosan derived polymer 
scaffolds
4
. In another study, a modified fibrin gel was used to carry dental pulp stem cells 
implanted subcutaneously, and collagenous matrix and mineral deposition were found in 
vivo5. Furthermore, natural biomaterials can be used as growth factor carrier. In studies 
for periodontal tissue engineering, human bone morphogenetic protein-2 and osteogenic 
protein-1 were incorporated into collagen scaffolds which resulted in beneficial 
cementum and bone regeneration compared to bare scaffold and empty groups
6
. In a 
recent study, an injectable chitosan-based thermo sensitive scaffold with basic fibroblast 
factor was tested into the periodontal defect of dog. The results showed that the chitosan 
based gel-like scaffolds can be used successfully as cell/growth factor carriers for 
periodontal regeneration7. Despite their excellent biocompatibility, natural biomaterials 
hold certain limitations, such as difficulties in processing and sterilization, which can cause 
adverse immune reaction and pathogen transmission8. Therefore, synthetic biomaterials 
are gaining increased attention for tissue engineering applications.  
2.2. Synthetic materials 
Synthetic materials can be categorized into polymers, ceramics and metals. 
2.2.1. Polymers 
Synthetic polymers hold many benefits as they can be prepared with controlled chemical 
and physical properties and made available in almost unlimited quantities. Their 
properties, e.g. degradation rate and mechanical strength can be altered by simple 
chemical modification. Besides, they can be easily generated into desired scaffold 
architectures with tailorable degradation times from several days up to years and in 
mechanical properties suitable for different applications, e.g. hard and soft tissue 
regeneration. The most commonly used synthetic polymers include polylactic acid (PLA), 
polyglycolic acid (PGA) and their copolymer polylactide-co-glycolide (PLGA), and 
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polyethylene glycol (PEG). In a study for periodontal regeneration, PLGA were fabricated 
into a nano-sized fibrous scaffold through an electrospinning process with aligned, crossed 
and random textures, which simulated the natural periodontal environment. The 
periodontal cells showed contact guidance effect and improved proliferation rate when 
exposed to organized polymer topographies9. In an effort to engineer pulp tissue in vitro, 
the research team led by Mooney and Rutherford seeded human pulp fibroblasts on PGA 
fibers. After 45-60 days of in vitro culture they observed pulp-like tissue on the PGA 
scaffolds
2
. These early studies are proof of principle that pulp cells can grow well and 
deposit matrix on suitable synthetic polymers in vitro. However, it should be noted that 
the accumulation of acidic degradation products from PLGA scaffolds may evoke fibrous 
tissue encapsulation during the wound healing process
10
.  
2.2.2. Ceramics 
In general, scaffolds made from ceramics, mainly calcium phosphates (CaPs) have 
outstanding properties which make them suitable for clinical application, such as similarity 
in composition to bone mineral, ability to bond directly to bone tissue, ability to promote 
cellular function which leads to formation of a uniquely strong bone-biomaterial interface, 
and osteoconductivity. It is evident that they are among the most frequently used 
biomaterials for alveolar bone regeneration. Most commonly used CaP biomaterials 
include hydroxyapatite (HA), tricalcium phosphate (TCP) and bi-phasic calcium phosphate 
(HA/TCP), which are available in different physical forms, e.g. particulates, blocks, cements, 
coatings on metal implants and composites with polymers. Some examples for 
commercially available ceramic products successfully applied in the field of alveolar bone 
regeneration are Periograf® (Sterling Drug, Inc., Rensselaer, NY;), Osteogen® (Impladent, 
Ltd, Holliswood, NY), Bio-Oss® (Geistlich AG, Wohusen, Switzerland) and Endobone® 
(Merck Biomaterialen, Darmstadt, Germany). Furthermore, ceramics can be used as 
carriers for growth factors (GEM 21® (beta TCP-PDGF-beta, Osteohealth, Shirley, NY)) and 
stem cells
11
. Besides their applications in bone regeneration, CaP ceramics have also been 
used for dentin reconstruction. Gronthos et al used HA/TCP powder as carrier materials 
for the dental pulp stem cells and successfully regenerated dentin-like tissue in vivo
12
. 
However, there are two major limitations, which hamper the wide application of CaP 
ceramics: (1) their brittle mechanical behavior, which causes problems when subjected to 
the peak forces during mastication, and (2) the slow degradation rate which inhibits 
cell/tissue ingrowth into the scaffolds. To address these problems, biodegradable PLGA 
fibres/microspheres have been introduced into calcium phosphate ceramic. The in vitro 
Chapter 2 
 
 
 26 
and in vivo results have shown a shortened degradation time and superior bone ingrowth 
compared with bare ceramic scaffolds
13,14
. 
2.2.3. Metallic biomaterials  
For several decades metallic implants (e.g. titanium and its alloys) have been installed into 
alveolar bone for the fixation of a crown, bridge or full denture. Titanium is highly 
biocompatible, has ideal physico-mechanical properties, and is superior to achieve 
osteointegration. Porous and fibrous titanium has also been used as scaffolds in bone 
regeneration and resulted in an enhanced bone contact compared with dense titanium 
implant
15
. In addition, titanium mesh provided with autologous bone was found to be 
promising in restoring a critical sized defect in the mandible of a dog model. For dental 
pulp regeneration, titanium mesh can support odontoblast differentiation and 
mineralization in human dental pulp stem cells16.  
2.3. Future perspectives of scaffolds  
In view of suitable scaffolds for their target tissues, a list of scaffolds for specific dental 
applications is presented in Table 1. To improve the performance of currently developed 
tissue engineering scaffolds, researchers are focusing especially on incorporating multiple 
design criteria into one single material. It is envisioned to obtain by this approach a better 
control of biofunctionality. In particular, the specifics of the microenvironment (hard vs. 
soft tissue architectures) that the material will interact with must be taken into 
consideration in the design process. In addition, biomolecule delivery from scaffolds still 
needs to be improved further in a spatially and sequentially controlled fashion17. 
Therefore, significant challenges to integrate structural cues with biological cues remain in 
order to achieve optimal functional dental tissue engineering.  
Table 1. Scaffolds for Dental Tissue Engineering in View of the Target Tissue 
Treatment 
strategy 
Scaffolds Main results 
Enamel  Self-assembli
ng peptide 
Nanofibrous self-assembling peptide amphiphile supported enamel formation 
in the kidney of mouse
18
. 
Dentin-pulp Collagen I 
and III, 
chitosan, 
gelatin 
Collagen I 
with Dmp-1 
Collagen I showed superior properties in cell adhesion, proliferation and 
differentiation than the rest groups when cultured with human dental pulp 
cells
19
.  
Collagen-Dmp-1 scaffolds resulted in new pulp formation when cultured with 
dental pulp stem cells and placed in dentin block in vivo
20
. 
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PLA, PLGA The dental pulp stem cells together with PLGA/PLA scaffolds generated 
vascularized, pulp-like tissues 
21
 and new tubular dentin 
22,23
. 
HA/TCP Dental pulp stem cells together with HA/TCP powders formed dentin and 
dentin-pulp-like complexes in vivo
24
.  
Root apical papilla cells and periodontal ligament cells induced periodontal 
regeneration when they were loaded with HA/TCP scaffold in minipig 
periodontal defects
25,26
. 
Bio-ceramics stem cell mixture generates dentin-pulp-like complexes when 
they were cultured in vivo
27
.  
Periodontal  PLGA (fiber 
and 
hydrogel) 
Electrospun PLGA fibers supported periodontal cell attachment, proliferation 
and differentiation
28
; 
PLGA hydrogels with human growth differentiation factor-5 promoted bone 
formation when delivered in periodontal defects 
29
.  
Self-assembl
ed peptide 
Self-assembled peptide nanofibrous scaffolds promoted deposition of the main 
periodontal ligament ECM components when periodontal ligament cells were 
cultured in vitro
30
.  
Calcium 
phosphate 
cement 
An injectable calcium phosphate cement provided stable wound healing and 
enhanced periodontal regeneration in experimental periodontitis in dogs
31
.  
Alveolar 
bone 
HA/TCP BMSCs combined with HA/TCP facilitated regeneration of alveolar defect 
around titanium implant in a dog model
32
. 
Calcium 
phosphate 
cement 
Injectable composite calcium phosphate cement with and without growth 
factors demonstrated excellent bone regenerative capacity in a dog intrabony 
defect model
33
. 
Calcium 
alginate  
Calcium alginate plus cells facilitated bone formation when scaffolds were 
loaded with BMSCs and transplanted in vivo
34
.  
PL/PGA PL/PGA mixed with BMSC could preserve alveolar bone and reduce bone loss 
after dental extraction
35
.  
Vegetable 
latex 
biopolymer  
Scaffolds promote bone formation and decrease connective tissue formation in 
the dental extraction alveolar cavities in rats
36
. 
Bio-Oss Bio-Oss with ALP resulted in enhanced early bone formation compared to 
Bio_Gide alone in a rat introbony defect model
37
. 
Silk scaffold Silk scaffold guide mineralized tissue formation when mixed with tooth bud 
cells and grown in the rat omentum
38
.  
PGA, PLGA Tooth bud cells seeded on PGA and PLGA scaffolds generate bioengineered 
tooth tissues after 12 weeks in the omenta of rat
39,40
.  
Collagen gel Cells from epithelial and mesenchymal tissues of tooth germ generate blood 
vessels and nerve fibers when cultured in a collagen gel drop in vivo
41
. 
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3. Models for dental tissue engineering 
Progress in dental tissue engineering strongly depends on preclinical research. Rigorous in 
vitro and in vivo tests are necessary before a new biomaterial can be used in human 
clinical trials. In order to obtain Food and Drug Administration (FDA) and European 
Commission (EC) regulatory approval, initial tests (e.g. cell culture), secondary tests of the 
local tissue reaction (e.g. animal studies), and usage tests of the final products (e.g. clinical 
trial) have to be successfully completed. Based on these demands, preclinical modeling 
appears to be the most crucial step in the evaluation of a new biomaterial before its 
clinical application. Therefore, there is a need for targeted pre-clinical studies with 
selection of the most suitable animal model for the investigated biomaterial/scaffold. 
Important considerations for the selection of an appropriate animal model are depicted in 
Figure 1.  
It has to be emphasized that the selection of an appropriate animal model with a 
high degree of biologic similarity to the human situation is a prerequisite to transfer the 
experimental results to the clinic. In general, the smaller the animal model, the harder it is 
to give predictable answers for clinical applicability of a biomaterial. However, due to 
ethical and social issues, the use of large animal models should be reserved for the last 
phase of validation of a new biomaterial (i.e. safety and efficacy studies). 
 
 
Figure 1. Considerations when choosing animal models 
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In the following paragraphs, emphasis will be put on frequently used animal 
models for dental tissue engineering. Their advantages and disadvantages, surgical 
protocols and methods of evaluation will be briefly summarized, and our own research 
experience in this field will be highlighted. However, first some in vitro models for dental 
tissue engineering will be discussed, as in vitro assays can provide an indication about the 
feasibility of the new approach or development. 
3.1. In vitro models 
A better understanding of cellular and molecular responses forms a prerequisite for 
further improvement of tissue engineering approaches in dentin-pulp, periodontal and 
alveolar bone regeneration. Traditional two dimensional (2D) cell culture systems may not 
always reflect the mechanical status and biochemical homeostasis of the dental 
environment, and thus there has been an increased awareness about the need to improve 
in vitro models to supplement the widely used 2D culture system42. New models should be 
able to provide more predictability and allow the study of a number of clinical 
situations/biological parameters before going into an in vivo test. They should also allow 
the culture of tissue analogs (cell-biomaterial constructs) before transplantation use. The 
purpose of the following paragraphs is to provide insight into some cell culture models 
used for studying the effects of biomaterials/biological parameters on dental cell 
behavior.  
3.1.1. Dentin-pulp cell culture 
In natural dental pulp, the three-dimensional (3D) environment is largely composed of 
several types of collagens, glycosaminoglycans, and water. The matrix provides a 
supporting medium for cells and also for transportation of nutrients and metabolites. In 
tissue engineering, such a 3D structure is initially provided to the cells through the use of 
biodegradable and biocompatible scaffolds. They provide an environment that allows 
adhesion of cells and their proliferation, migration, and differentiation. In many cases, 
cell-scaffold constructs were cultured within natural dental circumstances such as dentin 
slices, cups or circles42-45. These dentin surfaces contain multiple closely packed dentin 
tubules, in which the biochemical signals (dentin matrix components) together with the 
surface topography may modulate the dental pulp cells to attach, align and differentiate 
into the odontoblast phenotype
46
. Using this model, several research groups have shown 
promising results by using various cell types, scaffolds, and growth factors to generate 
dental pulp like tissue44,45.  
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3.1.2. Periodontal cell culture models 
The natural periodontal tissue is composed of highly regulated collagen fibers anchored 
into alveolar bone and root cementum, which allows absorption of the mastication forces. 
The mechanical stimulation from chewing load will result in the adaptive responses to 
tooth surrounding tissue during development, maturation and regeneration. Since it is 
clear that anabolic cellular responses to mechanical stress overlap and interact with all 
other factors in physiological and pathological conditions, it is crucial to incorporate this 
factor into tissue engineering process. However, due to the limitations of in vitro models, 
previous studies on mechanical regulation of periodontal cells and cementoblasts mostly 
utilized 2D culture systems, rather than 3D mechanical loading circumstances
42
. We have 
recently characterized and implemented two 3D culture models for studying mechanically 
induced regulation of periodontal ligament cell behavior.  
Figure 2. In vitro models for periodontal cell culture. (A) A three-dimensional model of functional 
artificial periodontal ligament by mimicking a movable dental root. (B) A model of a functional 
periodontal ligament by a sandwich-like mechanical loading culture system. 
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In the first model, a defined mechanical loading is applied to a collagen gel 
containing human PDL fibroblasts through a culture chamber designed to mimic a moving 
tooth. The culture chamber consists of a movable tapered cylinder imitating an artificial 
root and a surrounding wall mimicking bone surface (Figure 2A). In between the two hard 
surfaces, the cell-scaffold construct is placed and attached to both sides. Controlled 
mechanical loading, applied for 3 days, resulted in magnitude-dependent changes in the 
expression of Cox-2 and Collagen 1 gene expression
47
.  
In the other model, PDL cells mixed with collagen gel layers were injected into 
silicone elastomer dishes, and covered with a custom-designed porous coverslip, resulting 
in a 200 µm thickness collagen layer (Figure 2B). The resulting constructs were tested up 
to 5 days in a mechanically and biochemically stimulated situation. As mechanical stimulus, 
8% longitudinal cyclic stretching was applied. As biochemical stimulus, samples were 
treated with 100 µg/ml enamel matrix (EMD) proteins. The morphology, proliferation, and 
differentiation of cells were observed and quantified. This study showed that transfer of 
load occurred throughout the entire sample and cells elongated perpendicular towards 
the loading direction. As in the normal PDL, remarkable differences occurred between 
central and peripheral region of the constructs48. 
3.2. In vivo models 
In the following paragraphs, frequently used animal models are discussed, especially in 
view of their application for dental tissue regeneration of dental-pulp complex, whole 
tooth, periodontal regeneration and bone regeneration.  
3.2.1 Models for pulp-dentin complex regeneration 
Most of the tissue engineering approaches to regenerate the dentin-pulp complex are 
based on the transplantation of cell loaded constructs to a defect site (cell-based). 
Therefore, both in vitro and in vivo models must provide a suitable environment with 
physiological parameters to allow the cultivation of the dental pulp stem cells. Examples 
for suitable in vivo environments for transplants are: skin, renal capsule or omentum in 
different experimental animals including mice, rats, rabbits, and pigs. After in vivo 
maturation, cell-based scaffolds are transplanted into their physiological anatomical 
region (i.e. implantation into the jaw bone), which provides biological and mechanic cues 
for the progenitor cells to develop into mature and functional dental tissues.  
Huang et al. used a dental root fragment model to regenerate lost dental pulp and 
dentin from stem/progenitor cells. Stem/progenitor cells from apical papilla and dental 
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pulp stem cells were isolated, characterized, seeded onto synthetic scaffolds consisting of 
PLGA, inserted into the tooth fragments, and transplanted into mice. The authors 
provided the first evidence showing that pulp-like tissue can be regenerated de novo in 
empty root canal space by stem cells from apical papilla and dental pulp stem cells that 
give rise to odontoblast-like cells producing dentin-like tissue on existing dentinal walls49. 
3.2.2. Whole tooth regeneration  
Whole-tooth regeneration efforts largely consist of two approaches: scaffold-based, which 
utilizes cell-seeded scaffold to guide and support tooth formation and organogenesis 
based (or germ-tissue based), which facilitates development of a tooth from a collection 
of cells resembling the tooth germ
50
. In general, the cell-based scaffolds need first to be 
placed in an environment suitable for maturation, such as renal capsule and omentum, 
and subsequently implanted in the jaw. By the organogenesis based approach this is not 
always necessary. In a study by Ikeda et al. the first bioengineered tooth was created from 
a tooth germ, which developed and erupted in the oral cavity of adult mouse51. The 
authors proposed this as a model for future replacement therapy. 
3.2.3. Models for periodontal regeneration 
In order to test the effects of different tissue engineering formulations for periodontal 
regeneration, acute and chronic periodontal defect models can be utilized. In the acute 
defect models, lesions are surgically created and immediately treated with biomaterials. In 
contrast, in chronic defect models formation of natural periodontitis lesions can be 
induced. Lesions are created in the course of time by placing ligatures around the teeth, 
and in a second procedure biomaterials were introduced. In addition, experimental 
periodontal defects can be created in a combined manner (i.e. acute-chronic model): the 
defects are surgically created and ligatures are placed to prevent the spontaneous 
regeneration and to ensure plaque accumulation and chronic inflammation. In this way, 
the advantages of acute and chronic models can be combined. Finally, periodontal lesions 
can be developed spontaneously in dogs and in goats. Although these models resemble to 
a great extent the human situation with periodontitis, the onset of the lesions is difficult 
to predict as well as the size and the morphology of the defects.  
According to the defect configuration, different types of periodontal defect models 
can be recognized, such as fenestration, intrabony, suprabony and furcation (Figure 3). 
These models mimic the defect morphology in humans with periodontitis, and can be 
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created in small and large animals. In general, anatomical similarities and defect size 
characteristics favor the selection of large animals prior to move to clinical human trials. 
Periodontal regeneration in animal models can be demonstrated by qualitative and 
quantitative analysis. The most common outcome measures include length of the new 
cement, new periodontal ligament (PDL) and new bone from a histological reference 
notch made during surgery, and histomorphometric assessment of the new bone and 
cementum area. In larger animals clinical periodontal measurements (probing depth, 
recession, and attachment loss) can be performed. In addition, new bone formation can 
be evaluated radiologically and by micro computed tomography (micro CT). In the 
following paragraphs, frequently used models for periodontal regeneration are briefly 
characterized based on their defect configuration.  
 
 
Figure 3. In vivo models for periodontal regeneration. Fenestration model in rat (A, B, and C)52; 
intrabony model in rat (D, E, and F); intrabony defect model in dog (G, H, and I). Blue boxes (in A, D, 
and G) indicate surgical regions. Dashed lines (in B, E, and H) indicate direction of histological section. 
Black-framed boxes (in C, F, and I) indicate regions of interest in H&E staining slides. 
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3.2.3.1. Fenestration defect model  
The fenestration model represents a circumferential defect on the mid-buccal aspect of 
the root surface. It can be created by extra-oral (in rats, rabbits) or intraoral (in dogs, 
monkeys) surgical access. After flap elevation and root exposure, alveolar bone, 
periodontal ligament and cementum are removed apically form the enamel-cementum 
junction. Subsequently, the biomaterial is placed into this well-contained defect and 
covered by the flap.  
In rats, King et al. created standardized fenestration defects (3 × 2 × 1 mm), on the 
buccal surface of the first and second mandibular molars via extra-oral approach to study 
the effect of bone morphogenetic protein-2 in a collagen gel on periodontal wound 
healing. This model is used mainly to study cell-based scaffolds and growth factors for 
periodontal tissue engineering6,53,54.  
In dogs, standardized fenestration periodontal defects can be created by intraoral 
access in different sizes and locations (maxilla or mandible). It can also be investigated for 
early (days) and or late time points (weeks). For example, in one of the first studies, Choi 
et al. created fenestration defects (6 × 4 mm) on the maxillary canine to investigate the 
effect of collagen on periodontal wound healing. It was concluded that the maxillary 
canine periodontal fenestration defect appeared a suitable model to study factors that 
may enhance cementum and bone regeneration55. In general, fenestration defects in dogs 
are predominantly used to evaluate ceramic scaffolds and barrier membranes56. In 
monkeys, fenestration periodontal defects can also be surgically created57. However, due 
to the spontaneous healing of these lesions, this model is not considered optimal for 
studying the effects of new biomaterials on periodontal regeneration. 
3.2.3.2. Intrabony defect model 
The intrabony model represents a “box-type” defect surgically created at the mesial or 
distal tooth root surface. The base of the “box” exhibits intrabony position and according 
to the number of “box” bone walls around the root surface, 1-, 2- or 3-wall intrabony 
defects can be defined. Following root planning, a reference notch for histologic 
assessment is placed at the bottom of the defect
58
.  
This model gives the possibility to analyze the healing at the junctional-epithelial 
and connective tissue interface, which is not possible with the fenestration model. In 
addition, it can be considered as being more similar to the clinical situation, due to the 
similar morphological characteristics and their location with microbiological influence 
during the healing period.  
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In rats, Nemcovsky et al. created intrabony defects (2 mm in diameter) bilaterally in 
the mesial aspect of the first maxillary molars to study the effect of enamel matrix 
derivative on periodontal regeneration
59
. In contrast to the fenestration model, the 
intrabony model does not heal that fast, allows histological analysis of the 
epithelial-connective tissue interface and volumetric micro CT analysis of the amount of 
the newly formed bone.  
In dogs, the creation of the intrabony defects requires two surgical procedures with 
an interval of months in between. Following teeth extraction in the first surgery and a 
healing period, defects can be created in a second surgical procedure. As mentioned 
previously, healing of intrabony periodontal defects is positively correlated with the 
number of bone walls surrounding the defects
57
, and 1- and 3-wall defects are preferred 
because more homogenous outcomes can be expected compared to the 2-wall defects. 
The 1-wall intrabony model in dogs is frequently utilized to study the effect of cell-based 
and cell-free scaffolds. In our recent study an injectable composite scaffold with and 
without growth factors was implanted for 8 weeks and demonstrated excellent bone 
regenerative capacity13. 
In monkeys, intrabony defects represent an acute-chronic model60. Firstly, 
infrabony defects have to be surgically created (depth 6-8 mm from the 
enamel-cementum junction) and these defects have to be filled with space-providing 
mechanical devices, such as metal strips or ligatures, to reduce spontaneous regeneration 
and to provoke plaque accumulation and chronic inflammation. After 8 weeks, at surgical 
re-entry, the biomaterials are delivered in the defects. Blumenthal et al. used this 
acute-chronic model to compare the efficacy of different regenerative therapies used in 
the clinic, such as membranes and grafts alone and in combination with 2- and 3-walls 
defects. Besides histological measurements, clinical measurements were performed. 
Based on their results, the authors concluded that, while all therapies are equal in 3-walls 
defects, the combination graft-membrane appeared to be the most appropriate therapy 
for the 2- wall defects. 
3.2.3.3. Supra-alveolar defect model 
The supra-alveolar periodontal defect model was developed by Wikesjo in dogs61, and is 
considered a non-spontaneous healing defect. In this model, a horizontal circumferential 
defect is generated around the premolar teeth. Biomaterials can be applied immediately 
or after a chronic inflammation period. The major advantages of this model are 
standardized anatomical characteristics and its healing potential does not depend on the 
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number of bony walls. Following a healing interval of 4 and 8 weeks, it has been 
demonstrated that periodontal regeneration is limited to the apical region
62
. Moreover, it 
demonstrates morphological similarity to class III furcation defect, one of the most 
challenging periodontal defects in humans63.  
3.2.3.4. Furcation defect model 
The furcation model represents a “box” type of defect in the furcation area of premolars 
and molars, in which they can be divided in Class II and class III defects(Due to their 
specific location, furcation defects can be created only in big animals such as dogs, pigs, 
sheep and monkeys. In an acute model in dog, Deliberador et al. created Class II furcation 
defects on the buccal surface of the mandibular premolars to study periodontal healing 
using an autogenous graft with or without a barrier membrane. After 3 months, a 
considerable amount of new bone formation was observed in the empty defects by 
spontaneous regeneration, which could be seen as one of the drawbacks of this acute 
class II furcation model64.  
A Class III furcation model appears to be more valid to study different approaches 
for periodontal regeneration. Because a class III furcation model can also be considered 
the critical–sized supra alveolar defect model. Araujo et al. created class III furcation 
defects in dogs (4 × 3 mm) to evaluate the effect of EMD gels with/without resorbable 
barrier for 4 months
65
. 
In monkeys, Class II and III furcation defects can be created in an acute-chronic 
model. For example, Hovey et al. created an acute-chronic model Class III furcation defect 
(10 mm from the fornix to the reduced alveolar crest) to study the effect of enamel matrix 
proteins alone or in combination with bioengineered tissue on periodontal wound healing. 
Upon surgical induction of the defect, ligatures and cotton pellets were placed for 2 
months. At surgical re-entry the treatment modalities were placed and left for 5 months66. 
The advantage of chronic defects in monkeys is that these defects do not regenerate 
spontaneously and therefore allow a long observation period. 
Suzuki et al. evaluated the efficiency of using spontaneous periodontitis as a model 
in Shiba goats. They found out the clinical, histopathological, and microbiological features 
of spontaneous periodontitis in Shiba goats were similar to those in human periodontitis. 
Moreover, the size of the oral cavity in Shiba goat is suitable for periodontal treatment, 
and handling and housing are relatively easy. However, the defect area of this model is 
difficult to be standardized67. 
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3.2.4. Models for bone regeneration 
Various animal models have been developed to study bone regeneration. Although no 
species fulfills all the requirements for the ideal model, understanding of the differences 
in bone architecture and remodeling between the species can assist in the selection of the 
most suitable model for a desired biomaterial and research question. In view of the 
research question, bone models can be characterized as models for: 1) fundamental 
discovery, 2) feasibility and bioactivity testing 3) clinical modeling and efficacy prediction
68
. 
For example, to investigate basic mechanisms of action of a new tissue engineering 
formulation, small animals, such as mice and rats are preferred. Feasibility and bioactivity 
testing (i.e. biocompatibility, toxicity, screening for adverse reactions, way of delivery of a 
biomaterial) are also usually done in mice and rats in ectopic (i.e. subcutaneous) or 
ortho-topic (bone) implantation sites. For clinical modeling and efficacy, larger animals 
(dog, sheep, goat or pig) are more appropriate due to the close similarity with the human 
bone. In Table 2, a summary of the bone properties of these animals are presented.  
Table 2. Large animal models for bone regeneration 
Animal Advantages Disadvantages 
Dog Tractable nature 
Similar bone mineral density to humans 
Higher rate of solid bony fusion when compared to 
humans 
Low non-union rates  
Ethical issues and negative public perception 
Significant inter animal variations due to breed 
diversity 
Sheep Docile animals 
Similar body weight to humans 
Dimension of long bones suitable for 
human implants 
Age-dependant bone remodeling  
Haversian remodeling at 7-9 years of age (with 
medium-sized, irregular cannals)  
Higher trabecular bone density than humans 
Goat More tolerant to ambient conditions  
Bone composition very similar to human 
Inquisitive and interactive nature 
Pig Bone mineral density, anatomy, 
morphology, and healing similar to 
humans 
High growth rate and excessive body weight  
Difficult handling 
Besides species, the following factors that can influence bone regeneration should 
be taken into account when choosing the most appropriate model: localization of the 
defect (extraoral vs. intraoral; mandibular ramus vs. alveolar ridge), size of the defect 
(critical-sized vs. non critical sized), type of the defect (acute vs. chronic), anatomy of the 
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defect (containing vs. transosseous), age of the animals. A critical-sized defect (CSD) is 
defined by Schmitz and Hollinger as the smallest size intraosseous wound, in a particular 
bone and species of animal, which will not heal spontaneously during the lifetime of the 
animal69. In principle, critical-sized defects are still considered the “gold” standard for 
screening of new biomaterials. 
In general, bone regeneration in animal models can be assessed by qualitative 
(descriptive histology, immunohistochemistry radiographs) and quantitative analysis 
(histomorphometry and micro computed tomography CT). While micro-CT provides 3D 
information about the volume, distribution and density of the mineralized matrix of the 
bone, the histological evaluation is necessary to characterize the cellular and tissue 
response: pattern, distribution, kinetics of bone formation, vascularization, inflammation, 
status of the residual implant material. In some settings, mechanical testing (modulus, 
strength, etc.) is necessary to determine the success of bone tissue engineering. 
It is beyond the scope of this chapter to provide a complete overview of all models 
used for bone regeneration. Moreover, there are numerous reviews published on this 
topic70-73. Therefore, the focus will be put on experimental defects for clinical modeling of 
procedures used in oral reconstructive surgery. In general, according to their aim, these 
procedures can be divided into: 1) alveolar ridge preservation; 2) vertical and horizontal 
bone augmentation 3) guided bone regeneration and 4) sinus floor augmentation. In the 
following paragraphs, some examples of animal models for these procedures will be given. 
The models will be characterized based on the localization of the defect.  
3.2.4.1. Alveolar extraction sockets  
This model is used to study the effect of new biomaterials on alveolar ridge preservation 
or on the osteointegration of dental implants.  
In rats, such defects can be created by extractions of incisors or molars and 
immediately treated with biomaterials. However, due to the small size of the extraction 
sockets and the strong healing capacity this model is less suitable for screening of new 
tissue engineering formulations
11
. 
In rabbits, in Marei et al. studied cell-scaffolds constructs for bone maintenance 
after dental extraction. It was shown that alveolar bone was preserved by filling the 
sockets with cell/scaffold constructs or PLGA scaffolds
74
. 
Studies on ridge preservation in dogs have been extensively done by the research 
group of Araujo. In a recent study, Araujo et al. used this model to evaluate whether chips 
of autologous bone may allow ridge preservation following tooth extraction. For this 
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purpose, the distal roots of the third and fourth mandibular premolars were removed and 
the sockets were grafted with either anorganic bovine bone or with chips of autologous 
bone harvested from the buccal bone plate. The results showed that after 3 months of 
healing, autologous bone chips placed in the fresh extraction socket neither stimulate nor 
retard new bone formation75.  
In dogs and monkeys, alveolar sockets can be used to evaluate the process of 
osseointegration of dental implants placed immediately (in fresh alveolar sockets) or in a 
staged approach (after sockets are allowed to heal). For example, in a dog model Wikesjo 
et al. found that rhBMP-2 absorbed on the implant surface accelerated in a 
dose-dependent manner the bone formation process and supported osseointegration 
within 8 weeks
76
. 
3.2.4.2. Mandibular ramus 
This location in rat can be used to study biomaterials for vertical bone augmentation. The 
model was developed by Kostopolous and Karring 1994 based on the principles of guided 
bone regeneration (GBR). Briefly, on the lateral part of the mandibular ramus of rats, a 
space-providing Teflon capsule filled with a biomaterial was placed and secured by sutures 
or screws. After 2 weeks, the space beneath the capsule was partially filled with 
connective tissue, after 4 months, up to 70% was filled with bone and after 1 year the 
entire space was completely filled with mature lamellar bone
77
. Using this model, 
Lioubavina-Hack et al. evaluated the effect of simultaneous delivery of recombinant 
human platelet-derived growth factor-BB and insulin-like growth factor-I (rhPDGF-BB/IGF-I) 
incorporated into a methyl cellulose gel on guided bone regeneration78. 
3.2.4.3. Inferior border of the mandible 
Inferior border of the mandible is also a suitable location to study bone augmentation and 
guided bone regeneration (GBR). 
Donos et al. used the inferior border of the rat mandible to compare the long-term 
volume stability of membranous and endochondral autogenous bone grafts with or 
without membrane
79
. After 5 and 11 months of evaluation, the combined treatment: 
onlay grafts with GBR were found to be superior to onlay bone grafts alone. A similar 
model in pig was used to investigate tissue responses to resorbable and non 
nonresorbable barrier membranes with or without bone substitute. Based on the results 
the authors suggested application of bone substitutes when resorbable membranes are 
applied for GBR80. 
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3.2.4.4. Bicortical defect in the mandible 
A bicortical defect in the mandible appears to be suitable to test the ability of biomaterials 
to induce bone regeneration and to be applied for guided bone regeneration procedures. 
For example, a critical-sized bicortical defect can be created in the mandible of 
rabbits. In a study by Young et al. a cylindrical bone defect, 10 mm in diameter, was 
created, in full-thickness or partial-thickness in premolar/molar region and left to heal for 
up to 16 weeks. At 8 weeks the partial thickness defect demonstrated significant bone fill 
and at 16 weeks complete regeneration and bridging was found. In contrast, no bone 
bridging was observed in the full-thickness defect, neither difference in bone regeneration 
was found between 8-week and 16-week. Based on the results, the authors concluded that 
10 mm bicortical defect in the mandible of rabbits could be considered as critical-sized
81
.  
In mongrel dogs, Sverzut et al. used unilateral 10 mm wide segmental defects in the 
mandibles, in order to test the influence of polylactide membrane permeability on the fate 
of iliac bone graft. The defects were created by removing both the fourth premolars and 
first molars of the lower jaw. Subsequently, iliac bone grafts were placed into the defect 
area with different membranes (PLLA membranes or microporous laser-perforated 
membranes). Data from histological observation and bone labeling indicated that the bone 
formation process was incipient in the bone graft group at 3 months postoperatively 
regardless of whether or not it was covered by membrane. In contrast, GBR with 
microporous laser-perforated membranes tended to enhance bone formation activity at 3 
months82.  
3.2.4.5. Maxillary sinus  
The maxillary sinus augmentation model is developed to resemble the clinical sinus lift 
procedure. In this setting new biomaterials for bone augmentation can be tested. The 
choice of animals for this model can be rabbits, dogs, sheep, goats, pigs or minipigs. When 
choosing the experimental animal it has to be noted that only in goats the maxillary sinus 
can be accessed from the oral cavity
83
. 
In a study done by our group, a sheep model was used to evaluate the biological 
performance of osteoinductive microstructured tricalcium phosphate particles for sinus 
floor augmentation84. Via an extra-oral approach, a window with a diameter of 10 mm was 
created, followed by careful removal of the resultant bone plate from the Schneiderian 
membrane. Subsequently, the membrane was elevated from the buccal and caudal bony 
wall and displaced cranially. After insertion of the material, the grafted sinus was covered 
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by the bone plate. After 12 weeks of implantation, sinuses grafted with the particles 
showed an increased bone height of 6 mm and a mean total bone volume of 43%.  
4. Conclusions 
Since tissue engineering approaches have been introduced in dentistry, it has become 
possible to shift the treatment strategies from rehabilitation or restoration toward 
achieving real regeneration. Currently, regenerative strategies are successfully applied in 
the fields of periodontology and oral reconstructive surgery, and the number of 
commercially available biomaterials for bone and periodontal tissue regeneration is 
constantly increasing. At the same time, the role of the biomaterial has been changing 
from a “passive” scaffold, which serves mainly as a carrier vehicle, towards a “bioactive” 
scaffold that on its own can induce a desired cellular behavior (i.e. “smart” biomaterial). 
This smart biomaterial should be able to mimic the properties of the target tissue, and it 
should be biocompatible, biodegradable in a tunable manner and bioactive in a 
controllable way. Given the diversity of the tissues that are being targeted with dental 
tissue engineering, it is difficult to define whether this smart biomaterial should be a 
cell-based or cell-free scaffold. Nevertheless, from manufacturing and clinical point of view, 
cell-free scaffolds that not only target the local cells, but are able to attract sufficient 
endogenous cells of the correct lineages from the blood circulation towards the defect site 
(“cell homing”) appear to be more promising for the future. 
With respect to the models for testing dental tissue engineering scaffolds, it is 
evident that no model can adequately fulfill all criteria to serve as a universal ideal 
experimental setting. The choice of a suitable model depends highly on the research 
question, as illustrated above. Meanwhile, the results obtained must be interpreted strictly 
in the context of the model designed and great care should be taken when applying the 
extrapolating data into humans. 
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1. Introduction 
Periodontitis is the most common inflammatory disease in humans and forms the main 
cause of damage to periodontal tissues, which can finally lead to premature loss of teeth 
or even the complete dentition, when left untreated. Conventional clinical treatment of 
periodontitis involves the reduction or elimination of the periodontal pathogenic condition 
to stop the progression of the disease. Although this eradicates the clinical symptoms of 
the disease, it does not result in regeneration of the lost or destroyed tissue structures. 
Therefore, current periodontal research is focused on the development of an approach 
that results in complete and predictable regeneration of the periodontal tissues1-3. 
Achieving regeneration is challenging, as three periodontal tissues are involved, i.e. the 
root cementum, periodontal ligament (PDL) and alveolar bone.  
In the context of regenerative dentistry, mesenchymal stem cells have been used 
for periodontal regeneration4,5. A recent study on Embryonic stem cell (ES) transplantation 
in a porcine model showed the capacity of the cells to differentiate into new periodontal 
ligament and cementum6. Likewise, also PDL cells have been reported to possess potential 
to restore the hard and soft periodontal tissues into their original architecture7-10. Primary 
derived PDL cells are heterogeneous and contain several subpopulations of cells, including 
osteoblasts, fibroblasts, cementoblasts, postnatal stem cells and epithelial cells from the 
rests of Malassez11-13. Still, it has been shown that the combined subpopulations in PDL 
cells can simultaneously synthesize hard and soft periodontal tissues in an organized 
manner14-16. PDL cells promote alveolar bone and cementum formation and may possibly 
also produce new PDL fibres (“Sharpey’s fibres”), which insert into the tooth and adjacent 
bone15,17,18.  
Although PDL cell implantation has already been reported to result in regeneration, 
there is little evidence that the implanted cells will survive in the defect area and will 
indeed participate in the healing of the three types of periodontal tissues19-23. Moreover, 
an adequate comprehension of the mechanisms of cell contribution is hypothesized to be 
of crucial importance for the optimization of tissue engineering systems. To obtain this 
information the current study, in accordance to the ES study described above
6
, applied 
green fluorescent primary-derived PDL cells to trace the cells after implantation in a 
previously validated rat intrabony periodontal defect model
24-26
. Green fluorescent gingival 
fibroblasts (GF) cells and non-cell loaded scaffolds were used as negative controls. 
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2. Materials and Methods 
2.1. Animals 
One GFP-transgenic Sprague-Dawley rat (provided by Dr. M. Okabe and Dr. T. Suzuki, 
Japan SLC, Inc., Shizuoka, Japan) was used as a donor animal to harvest PDL and gingival 
fibroblasts (GF). The expression of GFP was under the control of the cytomegalovirus 
enhancer and the chicken β-actin promoter27. Twelve healthy adult athymic nude rats (Crl: 
NIH Foxn1rnu, Charles River, Germany) were used as the recipient animals. All procedures 
were in accordance with the national guidelines for the care and use of laboratory animals 
(local approval number RU-DEC 2010-028). The recipient rats were 7-week old at the start 
of the experiment and had a known specific-pathogen free (SPF) status.  
2.2. Cell culture 
PDL cells were derived from extracted incisors of the GFP rat. The primary cell extraction 
procedure was performed according to Brunette28. PDL cells were expanded and 
confirmed by alkaline phosphatase activity as described previously29. GF were retrieved 
according to Bruckmann30 to be used as a negative control cell type for all experiments. 
These cells were derived from the gingival tissue of the palatal area of the same GFP rat, 
and confirmed to be negative for alkaline phosphatase activity. Cells of passage 4 were 
used from both cell types for the in vitro assays and in vivo implantation.  
2.3. Materials and cell seeding 
Commercially available gelatin sponges (Spongostan®, Ferrosan Medical Devices, Denmark) 
were resized to 2 × 2 × 2mm3 (W × L × D), soaked in PBS and incubated in culture medium 
overnight at 37°C. PDL or GF were seeded into the scaffolds by soaking the scaffolds in a 
cell suspension containing 4.0 × 10
6 
cells/ml (4 scaffolds per 1 ml cell suspension) with 
gentle rotation at 9 rpm for 2 hours (Stuart ® SB3, Jencons Scientific Ltd., UK). 
Subsequently, the scaffolds were placed in non-adherent tissue culture plates. The 
non-attached cells from the cell suspension were collected, centrifuged and reseeded 
equally onto the scaffolds to maximize the final cell seeding amount. After 2 hours, culture 
medium was added to each well. As a negative control, empty scaffolds (EMP) were 
prepared simultaneously, but without the addition of the cells.  
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2.4. In vitro assays 
2.4.1. Cell seeding efficiency 
The efficiency of cell-seeding procedure was confirmed with PDL cells, gingival fibroblasts 
and empty scaffolds using confocal laser scanning microscopy (CLSM, Olympus FV1000, 
Tokyo, Japan). The cell-scaffold constructs were first fixed 30 minutes in freshly prepared 2% 
paraformaldehyde / 0.2% glutaraldehyde. Then, the samples were washed three times in 
PBS. Thereafter, specimens were visualized with excitation wavelength of 488 nm and 
emission wavelengths of 550 nm.  
2.4.2. In vitro calcification ability 
Constructs with PDL cells, gingival fibroblasts and empty scaffolds were incubated up to 25 
days in the osteogenic culture medium, which consisted of alpha Minimal Essential 
Medium (αMEM; Gibco, Grand Island, USA) supplemented with 10% fetal bovine serum 
(FBS; Sigma, St. Louis, USA), 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco), 50 μg/ml 
L-ascorbic acid and 10 nM dexamethasone (Sigma). Medium was refreshed every 2-3 days. 
Afterwards, the constructs were fixed31 and analyzed by scanning electron microscopy 
(SEM). Von Kossa staining was performed as described previously32.   
2.5. In vivo model 
2.5.1. Surgical procedure 
Under general anaesthesia, bilateral intrabony three-wall defects were created mesially at 
both maxillary first molars of twelve adult athymic nude rats, as described before24,26 
(Figure 1). First, a local adrenaline-containing dental anesthetic (Ultracain D-S®, Aventis 
Pharma BV, Gouda, the Netherlands) was applied to reduce bleeding. A 3 mm full 
thickness incision was made along the alveolar ridge mesially to the maxillary first molars. 
Flaps were elevated to expose the root surface and surrounding alveolar bone. 
Subsequently, a piezoelectric device (Piezosurgery®, Mectron, Carasco, Italy; loaded with 
OT5 B-tip; Ø 1.7 mm) was used to create the defect. Thereafter, the residual bone, 
periodontal ligament, and root cementum were carefully removed from the root surface, 
using a less abrasive OP5-tip. This tip was also used to finalize the size and contour of the 
defect (W × L × D; 2 × 2 × 1.7 mm
3
), with constantly monitoring the dimensions using a 
clinical periodontal probe. Afterwards, the defects were rinsed with sterile saline, dried 
with sterile gauze and filled with the constructs immediately. Different groups of 
constructs were divided according to a “Latin Square” allocation, to assure each treatment 
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rotated and was equally distributed over the animals as well as the left or right maxilla 
defect areas. After scaffold placement, flaps were repositioned, sutured with resorbable 
sutures (Vicryl® 5-0, Ethicon Products, Amersfoort, the Netherlands). 
 
Figure 1. Overview of the surgical procedure: (A) a local adrenaline containing anaesthetic was 
applied; (B) a 3 mm full thickness incision was made along the alveolar ridge mesially to the maxilla 
first molars; (C) the created defect; (D) size confirmation using a periodontal probe; (E) implant 
placement in the defect; (F) the muco-periosteal flaps closed with 5-0 resorbable sutures. 
2.5.2. Histological preparation 
Six weeks after surgery, the rats were deeply anesthetized prior to 10% formalin 
cardiovascular perfusion. Complete maxillas were retrieved and excess tissue was 
removed. Subsequently, the maxillas were split into two parts through the palatal median 
line. After fixation in buffered 10% formaldehyde for 24 hours, samples were decalcified in 
4% EDTA at 4˚C for 6 weeks. Thereafter the three groups of samples, containing an empty 
control scaffold, or a scaffold seeded with PDL or GF cells, were dehydrated with graded 
series of ethanol and embedded in paraffin. Mesio-distal sections (thickness 6μm) were 
cut with a microtome (Leica RM2165, Nussloch, Germany) and every10th slide was stained 
using haematoxillin and eosin (HE) for general tissue survey. For epithelial tissue and 
ligament observation, sections were stained with trichrome (Masson modification 
Goldner), and Azan staining.  
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2.5.3. Immunohistochemistry 
After histological tissue processing fluorescent GFP signals cannot be detected anymore33 
thus GFP positive cells were visualized by immunohistochemical staining using an anti-GFP 
antibody (from rabbit IgG, fraction, 1:800, Molecular Probes). Sections were 
deparaffinised, rehydrated, and rinsed in PBS. Antigens were retrieved with citrate buffer 
(PH 6.0) at 95 °C for 20 minutes. Endogenous peroxidase was blocked with a peroxidase 
block solution (Envision kit; DakoCytomation; Dakopatts, Glostrup, Denmark) for 5 min; 
sections were pre-incubated in 30% normal goat serum. Next, sections were incubated 
overnight at 4˚C with in a humid atmosphere. Subsequently, sections were washed in PBS 
and incubated for 1 h at room temperature with goat anti-rabbit IgG conjugated with 
peroxidase polymer (Envision kits: DakoCytomation). After washing, the peroxidase 
conjugates were visualized with 3,3’ diaminobenzidine (DAB) substrate (Envision kit; 
DakoCytomation) for 10 min at room temperature according to the manufacturer’s 
instructions, and nuclei were stained with hematoxylin. 
2.5.4. Histomorphometry and statistical analysis 
For the quantitative analysis, three sections per specimen for each of the stainings were 
evaluated. The sections were always taken from the middle third of the defect area. Area 
measurements were determined with color recognition techniques (Leica Qwin Pro-image 
analysis system, Wetzlar, Germany), whereas linear measurements were processed using 
AxioVision software (4.8.2 SP1, Carl Zeiss, Germany). 
A schematic representation of the sections is shown in Figure 2A. First we assessed 
the “alveolar bone gap” as the distance between the intact bone level and the top of the 
created defect (Figure 2B). From the gap size, subsequently a score of alveolar bone height 
was expressed inversely relative to the length of the mesial molar from apex to cusp, to 
eliminate errors from angulations in the sectioning process. A higher score thus indicates 
superior bone height.  
New bone formation was defined as bone islands or attached new bone formation 
between the surgical margins of the cortical bone and root surface (Figure 2C). This area 
measurement was subsequently normalized by the size of the total defect area. 
Epithelial downgrowth was measured from the cemento-enamel junction (CEJ) to 
the most apical extent of the junctional epithelium (Figure 2D). Afterwards the 
measurement was normalized to the length of the mesial molar from apex to cusp. A 
higher score thus indicates more downgrowth.  
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Figure 2. New tissue measurements in the rat periodontal defect model. (A) Schematic diagram of a 
sagittally sectioned rat mandible showing the molars, intrabony periodontal defect, and alveolar 
bone. (B) The alveolar bone gap measurement was based on HE staining. A reference line (blue) was 
drawn based on the alveolar bone level of the intact bone; the green line indicates the length from 
the mesial cusp to the apical end of mesial root of the first molar; the yellow line indication gap size 
was drawn in parallel, and calculated reference to the blue line. (C) Alveolar new bone area: the 
yellow lines indicate the outline of original old bone; the light blue lines indicate the defect area; and 
the dark blue areas show the new bone formation within the defect area. (D) Epithelial downgrowth 
measurement as based on Masson staining. A reference line (blue) was drawn based on the 
cemento-enamel junction (CEJ) at the distal portion of first molar; the red line indicates the extent of 
epithelial downgrowth. (E-F) Functional periodontal ligament formation measurements as based on 
Azan staining: (E) was regarded as a functional ligament, since the angle between newly formed fibre 
and dentin surface was larger than 60 degrees; (F) non-functional organization was characterized by 
an angulation of smaller than 60 degrees. 
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Finally, new periodontal ligament was determined by the observation of oriented 
collagen fibres covering the denuded root surface. Orientation of collagen fibres was 
measured as the angle between the root surface and the long axis of the main fibres using 
Image J (NIH). Collagen fibres were defined to be functionally oriented if the angle was 
larger than 60˚ (Figure 2E-F)34,35. Also in this measurement, the length of functional fibre 
bundles was normalized per denuded root surface length, i.e. from the CEJ to the apical 
end of the defect.  
All data were expressed as mean ± standard deviation. Statistical analysis was 
carried out by one-way ANOVA and post hoc testing for the following measurements, for 
which differences were considered significant at p <0.05. 
3. Results 
3.1. In vitro assays 
In the empty scaffold, no green fluorescence signal was detected. However, the samples 
from both GF and PDL groups showed obvious green fluorescence, indicating that cells had 
attached and spread throughout the scaffold (Figure 3A-C). After 25 days of culture, in the 
EMP group the topography of gelatin sponge could still be detected in SEM microscopy. In 
contrast, in both GF and PDL groups substantial numbers of cells and extracellular matrix 
covered the surface of the scaffolds. No calcified deposits were found by Von Kossa 
staining in EMP or GF samples; while significant amounts of mineral were present in the 
PDL samples (Figure 3D-F).  
 
Figure 3. Fluorescent images showing the GFP+ signal (A, B, C); van Kossa staining for cell-scaffold 
constructs after 25 days of culture in vitro (D, E, F); green arrows indicate calcium deposition.   
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3.2. In vivo model 
3.2.1. General observations  
Post-operatively, all rats showed uneventful healing throughout the duration of the 6-week 
observation period. All animals gained weight in a similar fashion. At the time of 
euthanasia, soft tissues around surgical sites had healed without detectable differences 
between groups. 
3.2.2. Descriptive histology  
In the HE-stained overview slides, the surgically created periodontal defects could clearly 
be distinguished in all samples (Figure 4A-C). On the apical area of the root surface, sharp, 
straight instrument-caused substance removal could be observed in all groups, indicating 
the apical end of cementum/ligament removal by the surgical procedure. In 2 out of 8 
samples for all groups, minor gingival inflammation could be observed resulting from 
penetration of rat chow into the created wound. However, the observed inflammation was 
always limited to the marginal region of the gingiva, not affecting areas down to the 
periosteum. Due to their degradation, the general shape of gelatin scaffolds could not be 
identified in the defect area. Sometimes, scaffold remnants could be detected (Figure 5A), 
surrounded by multinuclear giant cells. Such fragments were present in 3/8 samples of the 
EMP and GF groups, and in 2/8 of the PDL group. In all different treatment groups, minor 
root resorption could be observed associated with the presence of dentinoclast-like cells 
(Figure 5B).  
In the EMP group, most specimens showed new bone formation, mainly deriving 
from the bone margin of defects. Along the denuded dentin surface, a compacted mass of 
fibres was observed running parallel to the dentin surface (Figure 4D). There was evidence 
of new cementum-like deposition in 6 out of 8 samples, but this was limited to the apical 
part of the defect.  
In the GF group, less bone was found in the defect areas compared to the EMP 
group. Along the dentin surface, the cellular matrix had organized into randomly oriented 
bundle-like structures (Figure 4E). Four out of eight samples were found to show new 
cementum-like formation on the root surface.  
In the PDL group, newly formed bone was observed at the mesial/apical defect 
edges, and was more pronounced compared to the EMP as well GF groups. Besides bone 
being present at the defect margin areas, new bone could also be detected as islands 
without direct contact with the defect edges. A common finding in the PDL group was 
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newly laid-down cementum-like tissue attached to the root surface, which was formed in 
all the samples. The newly formed cementum could be distinguished by intensity of the 
staining and exhibited more cell nuclei compared to the old cementum. Higher 
magnification revealed cementum-like tissue overlying the root surface (Figure 5C) and 
functional ligament fibres inserted into the new cementum (Figure 4F).  
Figure 4. Histological overview of the different treatment groups (HE staining; original magnification 
× 2.5): (A) empty scaffold; (B) GF loaded group; (C) PDL cell loaded group. Representative images for 
ligament formation from three treatment groups (Azan staining): (D) empty scaffold, (E) GF loaded 
group, (F) PDL loaded group overview (× 40). 
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Figure 5. Specific histological structures in HE stained sections: (A) scaffold remnants surrounded by 
multi-nucleated giant cells (×40); green arrows indicate giant cells and yellow arrow indicates 
scaffold remnants; (B) Root resorption (× 40); (C) cementum formation on the denuded root surface 
(× 40); black arrow shows darkened surgically denuded line (× 40). 
3.2.3. GFP cell distribution 
 
Figure 6. Anti-GFP immunohistochemical staining: (A, B, C) overview (× 2.5) (D, E, F) higher 
magnification (× 40). GFP+ cells were visualized by brown staining. The EMP group showed no GFP 
signal. In GF samples, GFP+ cells were widely spread over the defect region whereas PDL GFP+ cells 
were always localized around the newly formed tissues. Higher magnification revealed loose cell-cell 
connection in the GF group and compact cell localization in the PDL group. 
Examination of the immunohistochemically stained sections revealed that the EMP 
negative control showed no GFP signal in any of the specimens. GFP+ cells were only 
identified in the sections for both GF and PDL groups. The GFP+ cells in the GF group were 
found to be dispersed widely over the whole defect area and could be seen from the 
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dentinal surface up to the distal surgical edge of the original bone plate (Figure 6).Closer 
inspection indicated that these cells did not form an organized structure, i.e. the GF-GFP+ 
cells were found to exhibit a long and extended cellular morphology with little cell-cell 
connection, while the interstitial tissue and extracellular matrix formation between GFP+ 
cells was loosely structured in the entire defect area. These observations were in sharp 
contrast to the PDL cell group. Here, evidently less GFP+ cells were found. Still, the GFP+ 
cells consistently were present closely along/surrounding newly formed bone and ligament 
and not distributed over the complete defect area. Cells appeared to lie in a more compact 
fashion with intensive cell-cell contact. Only very few (approximately <1%) GFP+ cells were 
present in the newly formed tissues 
3.2.4. Histomorphometry and statistical analysis (Table 1) 
Table 1. Histomorphometrical data (group means ± SD) * p <0.05, ** p <0.01, *** p <0.001 
compared to the PDL group (n=8). 
 EMP GF PDL 
Relative alveolar bone height 4.21 ± 1.46 2.88 ± 1.93* 6.64 ± 2.87 
Relative new bone area 0.211 ± 0.078* 0.145 ± 0.076** 0.332 ± 0.070 
Relative epithelial downgrowth 0.311 ± 0.092 0.278 ± 0.095 0.257 ± 0.077 
Relative functional ligament length 0.175 ± 0.205*** 0.251 ± 0.169*** 0.710 ± 0.088 
For alveolar bone height, the EMP group demonstrated a comparable result to the PDL 
group. However, GF samples showed a significantly negative effect with respect to the 
bone height measurements. The results of the bone area measurement indicated that the 
EMP and GF groups had significantly less new bone in the defect area, compared to the 
samples receiving PDL cells. Epithelial downgrowth was found to be not statistically 
different between all groups. In the Azan stained sections, the EMP and GF groups showed 
significantly lower scores for functional ligament formation than the PDL group. 
4. Discussion 
The overall objective of this study was to investigate the possible contribution of 
implanted PDL cells to periodontal tissue regeneration, using an intrabony defect model. 
The results from this study support the concept that PDL cells have the ability to induce 
hard and soft periodontal tissue regeneration, whereas bare scaffolds or gingival 
fibroblasts upon implantation do not. Evidently, the higher cell growth and differentiation 
potential, and especially the specific localization of PDL cells after transplantation, was 
favourable to induce periodontal tissue regeneration both in quantity and quality, in the 
current rat model.  
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Regarding the experimental setup, an intrabony defect was chosen, as such a model 
renders the possibility to analyze for healing at the junctional-epithelial and connective 
tissue interfaces, which may be impossible or much more complicated with other 
periodontal defect models36. It can be argued that a 3-wall defect has a relatively good 
healing capacity, whereas a fenestration defect37, the 1-wall defect model22 or a furcation 
defect model
16
 would have been more critical. It could even be postulated that 3-wall 
defects, which are not contaminated, allow for stabilization of the clot and consequently 
provide a source of growth factors to the cells. Still, we simultaneously studied the effect 
of functionalized membranes in the same defect model
24
. With 2 and 6 weeks of healing in 
this study, the empty group did not evidence significant healing of the periodontial and 
bone structures upon histomorphometric assessment. Moreover, our results were in line 
with other animal models, in which various degrees of periodontal regeneration were 
already evidenced after PDL cell transplantation15,21,22,38.  
Ideally, the data obtained herein should be corroborated in future studies in a large 
animal. For instance, recent investigations have shown the tracking of GFP- positive 
embryological stem cells to periodontal defects in a minipig model6. The higher 
comparability of a large animal with the human situation (eg metabolic rate, defect size) 
would facilitate translation to clinical application more optimally. Such a large animal 
model moreover should screen GFP signals in other distant tissues and organs. In our 
study the GFP-PDL cells seem to have compacted in the 2D histological observation. This 
could be due to a redistribution over the local defect area. But also it cannot be excluded 
that some of the seeded cells tend to vanish from a newly vascularised scaffold after 
implantation. It would thus be interesting from a regenerative, as well as from a safety 
point-of-view, to more closely follow cell fate in such a preclinical model before translation 
to humans. 
A final technical issue was the selection of the gelatin-based spongeous carrier 
Spongostan as the scaffold. Spongostan is a clinically applied haemostatic device, but has 
also been previously used successfully as a carrier for stem cell and chondrocyte 
transplantation
31,39,40
. Due to the large porosity (>100 μm) of the material, cells can easily 
penetrate into the scaffold and particularly the dynamic seeding method allows cells to do 
so efficiently
41
. Our results do provide further evidence that this carrier supported the 
attachment and osteogenic differentiation, through the observation of long-term cell 
survival and the formation of a mineralized extracellular matrix in vitro. In vivo, at the end 
of six-week implantation period, light microscopical analysis demonstrated that the gelatin 
scaffolds were largely degraded, with the remaining fragments surrounded by giant cells. 
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Such degradation characteristics were equal to previous findings using Spongostan as an 
implant material
42
.  
Regarding the histological parameters in this study, the combined use of both 
quantitative and qualitative measurements did have advantages. Specifically, to assess 
hard tissue formation, the alveolar bone height was evaluated in conjunction with the 
amount of new bone formation in the defect area. These combined results indicated that 
the PDL group gave a higher average score from a functional tooth supporting 
point-of-view as well as in the direct measurement of the amount of new bone. 
Simultaneously, it was found that implantation of gingival fibroblasts suppresses both 
these aspects of the bone regeneration process. Additionally, measurements on the 
collagen bundles were performed. In such measurements the quantity and the orientation 
of newly formed ligament were taken into account34,35. It was observed that the PDL group 
showed superior development of the ligament structure. The insertion of collagen bundles 
into hard tissues may result in improved resistance, protection and sensing toward 
mechanical loads from mastication43. 
It can even be hypothesized that the processes of bone and ligament formation are 
related to each other, similar to the development of the natural periodontium during teeth 
eruption. First, the bony support is established. Thereafter, functional loading from 
mastication can be transferred from the root to the ligament. Upon such mechanical 
stimulation cells within the newly formed ligament are regulated to form new extracellular 
matrix, and moreover do so into a certain preferential direction.  
Our results showed that PDL cell implantation induced alveolar bone and ligament 
regeneration, without the combined use of for instance a growth factor. The effectiveness 
of the transplantation procedure seems best explained from the GFP staining. There were 
evident differences in the distribution pattern between different cell types. Since the 
transplanted GFP+ PDL cells were always associated with newly formed periodontal tissues, 
this supports the notion that PDL cells played a vital role in the regeneration. Still, these 
PDL cells were only occasionally lying within the newly formed bone (or PDL) tissues. 
Therefore, it can be hypothesised that such stimulation was due to a paracrine effect. The 
transplanted PDL cells are lining the defect area and subsequently produce signal proteins, 
which stimulate the host progenitor cells to regenerate functional tissue. Apparently, the 
gingival cells lack the capacity to organise in such fashion, and/or to produce the necessary 
signal. However, such a hypothesis remains to be fully proven and further investigations 
are necessary to define the specific signals and pathways that regulate this regenerative 
process. 
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5. Conclusion 
The implantation of empty gelatin scaffolds, or scaffolds loaded with gingival fibroblasts 
does not provide a favourable effect on periodontal tissue formation. In contrast, 
implantation of PDL cells loaded into a gelatin sponge carrier proved to be effective to 
achieve regeneration of hard and soft periodontal tissues, in the currently used rat model. 
PDL cells promoted bone as well as ligament formation, while GFP signals indicated that 
this favourable effect was due to the localization of the cells directly lining the regenerated 
areas.  
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1. Introduction 
Conventional clinical treatments to eradicate the clinical symptoms of periodontitis hardly 
result in regeneration of lost tissues. To achieve periodontal regeneration is a challenging 
task, since multiple tissues need to be formed in a spatial and temporal order. Tissue 
engineering can offer a promising approach to achieve this aim1. In this context, many 
studies have already reported regeneration of surgically created defects in animal models 
following PDL cell implantation
2-3
. For instance, previously we reported a rat model, in 
which transplantation of PDL cells onto a gelatin matrix led to functional regeneration of 
alveolar bone and morphologically correct and aligned ligament
3
.  
Despite success in preclinical models, little is known about how the implanted PDL 
cells contribute to regeneration. Better understanding of the events involved in cell-based 
regeneration process is central to improve clinical potential. From previous mesenchymal 
cell studies, it is known that implanted cells can contribute to tissue regeneration by two 
possible routes; i.e. form tissue by themselves (direct contribution), or by secreting 
cytokines/growth factors inducing host cells to form new tissues, (indirect contribution)4. 
In the current study, we investigated the cell interaction by in vitro and in vivo systems, 
traced implanted cells, and further assessed their correlation and contribution to the 
tissue regeneration in a rat maxillary periodontal defect model. 
2. Materials and Methods 
2.1. Isolation of PDL cells, gingival fibroblasts and bone marrow stromal cells 
All procedures were performed according to ethical committee approval (Radboud 
University Nijmegen Medical Centre RU-DEC 2010-028). For the in vitro study, bone 
marrow stromal cells (BM) were retrieved from Wistar rats as described before
5
. For in 
vitro and in vivo studies, primary PDL cells and gingival fibroblasts (GF) were retrieved from 
Green fluorescent Protein (GFP) transgenic SD rats (Japan SLC Inc., Shizuoka, Japan) as 
described previously3. Athymic nude rats (NIH Foxn1rnu, Charles River, Sulzfeld, Germany) 
were used as the recipient animals for cell transplantation.  
Cells were expanded and maintained in alpha minimal essential medium (αMEM; 
Gibco, Grand Island, NE) supplemented with 10% fetal bovine serum (FBS; Sigma, St. Louis, 
MO), 100 U/ml penicillin and 100μg/ml streptomycin (Gibco). Upon confluence, cells were 
harvested with trypsin/EDTA, and stored in liquid nitrogen until use. For all studies, cells 
between passage 2-4 were used. 
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2.2. In vitro co-culture  
To investigate the effects of cell implantation in vitro, we studied the effect of PDL and GF 
cells onto undifferentiated mesenchymal cells derived from rat bone marrow. Two 
co-culture systems were used. First, direct contact co-culture was performed by seeding 
1×104/cm2 GF or PDL cells together with BM at 1:1 ratio. Monocultures of BM, GF, or PDL 
were used as control. In this system, paracrine effects as well as direct cell-cell contact are 
possible. Second, a non-contact co-culture was established, by seeding BM in the bottom 
of a transwell dish at density of 1×10
4
/cm
2
 and thereafter the same amount of BM, GF or 
PDL cells was added to the top well inserts (pore size 0.4 μm; Greiner Bio-one, 
Frickenhausen, Germany). 
In both systems, cells were cultured for 14 days in osteogenic medium containing 
10% FBS, 10 mM sodium β-glycerophosphate, 10-8 M dexamethasone, 50 μg/ml ascorbic 
acid, 100 U/ml penicillin and 100 μg/ml streptomycin (all from Gibco).  
2.3. Cell morphology  
Cells were fixed in 3% paraformaldehyde (Sigma) and 0.02% glutaraldehyde (Acros, Geel, 
Belgium), permeabilized in 0.5% Triton 100 (Koch, Colnbrook, UK) and subsequently 
blocked with 5% BSA (Sigma). Actin was fluorescently stained with Alexa-fluor 568 
conjugated phalloidin (1:50 Molecular probes, Invitrogen Corp., Paisley, UK), and cell nuclei 
were stained with DAPI (1:2500, Molecular probes, Eugene, OR). In this way, GF/PDL cells 
were distinguished from BM cells by GFP (green) signal together with actin (red) staining, 
while BM cells were stained in red only. Specimens were examined using an automated 
microscope (Imager Z1, Zeiss, Heidelberg, Germany).   
2.4 Mineralized matrix deposition 
Mineralized matrix formation was evaluated by assessing Ca2+ content. For indirect contact 
culture samples, only the calcium content in the bottom BM layer was assessed. In brief, 
samples were rinsed and supplemented with 0.5 ml acetic acid (0.5N) overnight. A volume 
of 10 μl samples were incubated with 300 μl of orho-cresolphtalein complexone (OCPC, 
Sigma) working solution. Values were calculated comparing to a standard curve of CaCl2, 
ranging from 1-100 μg/ml.  
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2.5. In vitro gene expression assays 
The mRNA of cells at day 14 of culture was extracted using the GenElute™ Mammalian 
Total RNA Miniprep kit (Sigma). After obtaining the mRNA, a first strand reverse 
transcriptase PCR was performed using the Superscript™ III First-strand Synthesis System 
for RT-PCR (Invitrogen). The cDNA was then amplified and specific gene expression using 
rat specific primers (Table 1) was quantified in a real-time PCR apparatus (Bio-rad CFX96, 
Bio-rad, Hercules, CA). The expression of the tested osteogenic genes was calculated via 
the 2
−ΔΔCt 
method versus the housekeeping gene β-actin, and relative to the BM group.  
Table 1. Overview of the sequences of used primers 
Gene Forward (5’  3’) Reverse (5’  3’) 
Collagen I AACCCGAGGTATGCTTGATCT CCAGTTCTTCATTGCATTGC 
ALP GGGACTGGTACTCGGATAACGA CTGATATGCGATGTCCTTGCA 
OCN CGGCCCTGAGTCTGACAAA GCCGGAGTCTGTTCACTACCTT 
BSP TCCTCCTCTGAAACGGTTTCC GGAACTATCGCCGTCTCCATT 
β-Actin TTCAACACCCCAGCCATGT TGTGGTACGACCAGAGGCATAC 
2.6. In vivo study 
Samples for the in vivo immunohistochemistry were obtained using a previously described 
animal model for PDL cell transplantation, which showed a significant restoration of 
alveolar bone height as well as the formation of functionally oriented ligament tissue3. In 
brief, gelatin sponges (Spongostan®, Ferrosan Medical Devices, Soeborg, Denmark) of 2 × 2 
× 2 mm were used as the cell carrier. PDL and GF cells were loaded onto the scaffolds (1.0 
× 106 cells/scaffold) 1 day before implantation. Under general inhalation anaesthesia, 
bilateral intrabony three-wall defects were created mesial of both maxillary first molars. 
Thereafter, GF or PDL loaded scaffolds were divided randomly over defects in all animals 
(n=8). After scaffold placement, flaps were repositioned and sutured. Six weeks after 
surgery, rats were sacrificed followed by 10% formalin cardiovascular perfusion. Complete 
maxillas were retrieved and fixed in buffered 10% formaldehyde (1 day) and decalcified in 
4% EDTA at 4˚C for 6 weeks. Thereafter, samples were dehydrated through graded ethanol, 
cleared with xylene, and embedded in paraffin. Serial sections (thickness 6μm) were cut 
using a microtome (Leica RM2165, Nussloch, Germany) in a mesio-distal plane.  
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2.7. Immunohistochemistry (IHC) and histomorphometry 
Continuous tissue sections were used to correlate the implanted cells (GFP, 1:400, rabbit 
anti IgG fraction, Molecular Probes) and protein markers: osteocalcin (OCN, rabbit anti rat 
dentin OCN, a gift from WT. Butler, Houston USA; 1:10), bone sialoprotein (BSP, mouse 
anti rat BSP, Developmental Studies Hybridoma Bank (DSHB), Iowa, USA, cat WV1D1 9C5; 
1:200), osteopontin (OPN, mouse anti rat OPN, DSHB, cat MPIIIB 101, 1:400) and Connexin 
43 (CN43, rabbit anti connexin 43, affinity purified Abcam, cat Ab11370, 1:200).  
For each specimen, HE staining was first performed to determine location of the 
defect area and bone formation. Subsequently, one slide with 3 sections from the middle 
third of the surgical defect was used for the IHC. Specifically, from 3 consecutive tissue 
sections, the first was used as negative control, the second for anti-GFP staining, and the 
third for the osteoblast marker protein. Sections were deparaffinised, rehydrated, and 
rinsed in PBS. Antigens were retrieved with citrate buffer (PH 6.0) at 95 °C for 20 minutes 
(except for anti-CN43, EDTA was used as retrieval buffer). Thereafter, endogenous 
peroxidase was blocked (Envision kit; DakoCytomation; Glostrup, Denmark); and sections 
were pre-incubated in 30% normal goat serum. Next, sections were incubated with 
primary antibodies overnight at 4˚C within a humid atmosphere. Subsequently, sections 
were washed and incubated with second antibodies (goat anti-rabbit IgG conjugated with 
peroxidase polymer, or goat anti-mouse IgG conjugated with peroxidise polymer, 
Envision). After washing, the peroxidase conjugates were visualized with 3,3’ 
diaminobenzidine (DAB) substrate (Envision), and nuclei were stained with hematoxylin. 
The area of GFP positive stained cells were assessed by normalizing the DAB stained areas 
toward the region of interest (ROI, defined as the distance between the surgical margins 
of hard tissue defect and the height of the original bone plate). 
2.8. Statistical analysis 
All in vitro experiments were performed in fourfold (n=4). Statistical analysis was 
performed using Graphpad (Version 5.0, GraphPad Inc, San Diego, CA) by one-way ANOVA 
and post Tukey test for the in vitro measurements and t-test for histomorphometry, for 
which differences were considered significant at p <0.05. 
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3. Results 
3.1. Cell distribution in the co-culture system 
Cell distribution and morphology were only assessed in the contact co-culture. After 3 days, 
BM, GF and PDL cells all attached and had mixed evenly. Due to the combined green/red 
signals, PDL and GF appeared as bright yellow, and were spreading in a spindle-like shape. 
Stained in red only, BM showed a larger cell surface area and a spherical shape. After 14 
days of culture, cells reached confluence. In the BM+GF co-culture, GF cells stayed 
intermixed with BM in an evenly dispersed manner. In sharp contrast, PDL cells always 
tended to grow in clusters meeting with BM at the circumference (Figure 1).  
 
Figure 1. Cell morphology in direct contact co-culture: cells stained in red only are BM cells; cells in 
combined red and green/bright yellow are GF/PDL cells. (A and C) BM co-cultured with GF after 3 
days and 14 days; (B and D) BM co-cultured with PDL after 3 days and 14 days. The insert images are 
higher magnification of each image. Bars = 200 µm and 50 µm for insert images. 
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3.2. Mineralized matrix deposition  
Based on the two co-culture systems, as shown in Figure 2A-B, calcium content was 
assessed after 14 days of culture. In monocultures, a high formation of mineralized matrix 
was observed in BM cells, whereas GF cells did not mineralize. The Ca2+ content for PDL 
cells was intermediate. In contact co-culture, the BM+GF mixture showed a significant 
lower calcium amount than BM monoculture. In contrast, the BM+PDL mixture 
significantly promoted matrix calcification compared to both BM and PDL monocultures 
(Figure 2C). The indirect co-culture system demonstrated the same trends amongst the 
three groups (Figure 2D). 
 
Figure 2. Assays for in vitro co-culture. (A) Direct contact co-culture system; BM cells (red) were 
mixed with GF/PDL cells (green); monocultures of BM/GF/PDL were applied as controls. (B) Indirect 
co-culture system; BM cells were cultured separately with BM/GF/PDL by a porous membrane. (C-D) 
Calcium content in direct and indirect co-cultures upon 14 days of culture; (E-F) Profiles of 
osteogenic genes expressed in the co-culture systems, as measured by RT-PCR. Values are given as 
the means ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 as compared with BM group (n = 4). 
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3.3. In vitro gene expression  
The mRNA expression of osteogenic markers Collagen I, ALP, OCN and BSP are shown in 
Figure 2E-F. In monoculture, the three types of cells all expressed the osteogenic genes, 
except GF not showing OCN and BSP expression. PDL cells always showed comparable 
levels of expression in all the tested genes compared to BM, except for BSP. Direct 
co-culture of PDL and BM yielded an upregulation of OCN expression while maintaining 
similar expression levels of Col I, ALP and BSP compared to BM monoculture. In contrast, 
gene expression in the BM+GF co-culture showed inhibition of all osteogenic marker genes. 
Again, in the non-contact co-culture, the expression of all markers followed similar trend 
as in the direct co-culture, meaning the presence of PDL upregulated the OCN expression 
of BM, while in contrast the presence of GF downregulated the expression levels of ALP, 
OCN and BSP in BM cells.  
3.4. IHC staining 
Due to high non-specific staining, anti-OCN and anti-BSP staining could not be used for 
comparison between the groups. By anti-GFP staining, GF cells could be found in all the 
implanted samples (8/8). These cells were distributed extensively between the surgically 
created alveolar bone margin and the denuded dentin surface (Figure 3A,C). In contrast, in 
the PDL group, the GFP positive cells only appeared in four out of eight samples (4/8). 
These cells were only located in the connective tissues surrounding the areas of the newly 
formed bone (Figure 3B,D). Quantification indicated that PDL cells were concentrated over 
a smaller area than GF cells at 6 weeks post implantation (Figure 3E). Higher magnification 
micrographs revealed that the GFP+ GF cells were loosely connected in contrast to the 
GFP+ PDL cells with exhibited very intimate cell-cell contact (Figure 4A-B). Still, the GFP+ 
PDL cells were rarely present in the newly formed bone.   
Thereafter, the location of GFP+ cells was compared with the anti-OPN staining. In 
all the samples with GFP+ cells, more intense expression of OPN was consistently seen in 
the tissue grafted with GFP+ PDL cells (n = 4), compared to the GF cells (n = 8) (Figure 
4C-D). Subsequently, by comparing location of GFP cells with anti-CN43 staining, it was 
shown PDL cells areas gave an enhanced tissue expression of CN43 compared to GF cells 
(Figure 4E-H). 
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Figure 3. Anti-GFP staining: (A) HE staining of GF cell implanted periodontal defect; (B) HE staining of 
PDL cell implanted periodontal defect; (C) GF cells were distributed extensively between the alveolar 
bone margin and the dentin surface; (D) PDL cells were only located in the confined areas around the 
newly formed tissues; (E) Histomorphometric analysis of the positive stained area ratio of GF and 
PDL implanted cells in the defect regions. ROI is defined as the hard tissue defect from the surgical 
margins of cortical bone and root surface. Dotted close-ups indicate the areas of newly formed bone, 
arrows indicate positive GFP cells; Bm = bone margin; De = dentin; Nb = newly formed bone; Scale 
bars = 500 µm (A-B); *p < 0.05. 
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Figure 4. Anti-OPN and anti-CN43 immunohistochemical staining: (A) higher magnification of 
anti-GFP staining shows GF cells were loosely connected with each other; (B) whereas PDL cells were 
closely in contact surrounding cells. (C-D) anti-OPN staining; more intense staining was shown in the 
PDL cell surrounding areas than GF surrounding areas; (E-F) anti-CN43 staining shows more intense 
gap junction among and around PDL cell area than GF cells. De = dentin; Nb = newly formed bone; 
Scale bars = 50 µm.  
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4. Discussion 
The objective of this study was to elucidate whether implanted PDL cells directly 
contribute to newly formed bone tissue during the periodontal regeneration or act as a 
source of growth factors and cytokine stimulating host cells, using both in vitro and in vivo 
models. The results from this study support the concept that a paracrine effect of 
implanted PDL cells has evident influence on local host cellular dynamics, and in that way 
to governed the regeneration process. 
Both in vitro and in vivo experiments were performed in the current study. 
Regarding the in vitro setup, it is known that periodontal repair involves progenitor cells, 
capable of forming fibroblasts, osteoblasts, and cementoblasts
6
. In this context, 
undifferentiated bone marrow cells were selected to represent the host tissue, as they are 
the best characterized mesenchymal stromal cell type. Contact co-culture was introduced 
to test the influence of soluble factors as well as direct interaction between cells. In 
contrast, the indirect co-culture system provides the possibility to investigate the cross talk 
between cell layers by soluble mediators only. Since both systems provided very similar 
data, indeed soluble factors seem to be primarily involved. The mineral deposition data 
substantiate the hypothesis that PDL cells can orchestrate a cascade of bone formation, 
whilst GF cells clearly inhibited the osteogenic response in the recipient cells. In the gene 
assays, the fact that only OCN was upregulated may be due to the late stage of 
measurement at 14 days. This time point will be beyond the expression of ALP, and other 
early markers. Although both GF and PDL cells come from neighboring anatomical 
locations, their growth pattern in the mixed cultures varied distinctly. The cluster-like 
manner in which PDL cells grew was in contrast with scattered distribution of the GF cells. 
This phenomenon is strikingly consistent with the in vivo situation. Also in vivo, PDL cells 
after transplantation cluster along the defect area during the regeneration of a periodontal 
defect. In contrast, transplanted GF cells do not organize in, nor contribute to periodontal 
regeneration3.   
Regarding our in vivo experimental setup, GFP cells were introduced to investigate 
the role of implanted cells. Even in studies where the enhancement of periodontal 
regeneration has been quantified2,7, it is difficult to assess what portion of the newly 
formed tissue can be ascribed to implanted cells, and what is due to other factors. Our 
results revealed that implanted PDL cells did not or hardly integrate into the newly formed 
tissues. This is consistent with recent findings with cell-labeling techniques, which 
demonstrated that only a small fraction of the cells remained in a defect after implantation 
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in a calvarial defect model8. Our IHC results revealed more intense OPN staining around 
PDL cells in the implanted areas, compared to the GF. Furthermore, CN43 gap junction 
staining indicated more intense exchange of biological messenger molecules between 
implanted PDL cells and surrounding host cells. Since vertebrate gap junctions only allow 
transmembrane movement of small molecules9-10, such molecules may play a role to 
induce differentiation of precursor cells and activate osteoblasts to promote regenerative 
process
11
.  
Our in vivo results corroborate with already available literature. For example, 
Caplan and coworkers concluded that the main consequence of mesenchymal cell 
implantation is the functional (paracrine and autocrine) secretion of bioactive factors
12
.  
Such a “trophic effect” following cell implantation was found in many tissue regenerative 
processes, such as in brain defect regeneration13, a myocardial infarct model14 and 
meniscus regeneration12. Consistently, the MSC-mediated tissue restoration is suggested 
not to arise from the introduced MSCs, but rather by orchestration of the host cells.  
In conclusion, our in vitro and in vivo findings demonstrated that transplanted PDL 
cells have the capacity to cluster, and thereafter provide small molecular bioactive factors 
to reinforce the osteogenic activity of surrounding cells, which indirectly support the 
regeneration process.  
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1. Introduction 
The periodontium (tissues surrounding teeth) comprises the periodontal ligament (PDL), 
the root cementum and the alveolar bone. Periodontitis is an inflammatory disease 
caused by a microbial challenge in a susceptible host. Due to the inflammation, PDL, bone 
and cementum are destroyed, which eventually might lead to tooth loss. Current 
treatments of periodontitis consist of removal of plaque and calculus, which indeed 
prevents further disease progression, but these treatments do not regenerate the lost 
tissues. Instead, histological studies have shown epithelial downgrowth, a mere reparative 
type of healing
1
. Many recent studies focus on treatment strategies to achieve actual 
regeneration of the PDL rather than repair.  
In vivo, the PDL is a well-organized flexible, fibrous suspension system connecting 
the dental root to the surrounding alveolar bone. PDL cells are continuously subjected to 
mechanical stress due to mastication, transmitting forces from the tooth to the alveolar 
bone. Research has shown that PDL cell behavior, including differentiation to great extent, 
is governed by such mechanical loading. Hence, the use of mechanical strain is one of the 
methods that are currently used to stimulate and differentiate PDL cells for tissue 
engineering purposes. Another option is the use of enamel matrix derivative (EMD, 
commercially available as Emdogain®, Straumann®, Basel, Switzerland), currently clinically 
used to regenerate periodontium. Enamel matrix proteins are secreted by Hertwig’s 
epithelial root sheath during tooth development and are involved in cementum formation, 
preceding it in deposition order2-4. Gestrelius et al5 studied the effect of EMD on PDL cells 
in vitro, and concluded that EMD stimulated cellular proliferation, protein/collagen 
production and formation of mineralized nodules in PDL cells. Several other authors 
corroborated the proliferative and stimulating effects of EMD on PDL cells6,7.  
From a practical point of view, periodontal tissue-engineering would include PDL 
cells that are expanded in vitro, placed into a resorbable scaffold, and after optimization 
subsequently can be delivered to a periodontal defect in vivo. Accordingly, it would be 
optimal to create an artificial, 3-dimensional (3D) PDL space in which cells can be 
stimulated. In this way the in vivo situation can be simulated in vitro, and the effect of 
strain or other stimuli on PDL cells can be studied. Yet, a controlled and easy applicable in 
vitro model that allows for the evaluation of multiple factors does not exist. Recently, a 3D 
model for studying ligament regeneration was described8. However it was mentioned that 
the experimental set-up was complicated, and the amount of tissue that could be created 
was very limited (only 20 µl).  
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Therefore, the major purpose is to develop a new, but relatively simple 3D model 
that can be used to examine fundamental aspects of PDL under loading and chemical 
stimulation, which in the long run can serve as construct to implant into periodontal 
defects. This type of research will enable us to gain better insight into the mechanisms 
that govern the formation of the PDL in vivo, but are also applicable to other 
tendon/ligament related fields. We hypothesize that PDL cells will be affected by 
mechanical loading, either or not in combination with EMD, in such a 3D model. 
2. Materials and Methods 
2.1. PDL fibroblasts 
PDL fibroblasts were isolated from incisors of 40–43-day-old male Wistar rats. Extracted 
incisors were washed in phosphate buffered saline (PBS) and subsequently washed 3 
times in MEM- medium, containing 600 μg/ml gentamycin and 2.5 g/ml fungizone (all 
from Gibco BRL, Life Technologies BV, Breda, The Netherlands). A primary culture 
procedure of PDL cells was followed according to Mailhot and coworkers
9
. Briefly, PDL was 
scraped from the middle third of the roots, avoiding contamination of epithelial or pulpal 
cells, by using a sterile scalpel. The freed portions of the PDL were minced and transferred 
to a T-25 flask, filled with 5 ml of basic medium (BM), i.e. -MEM containing 20% fetal calf 
serum (FCS), 60 g/ml gentamycin, 0.25 g/ml fungizone, and placed in a humidified 
atmosphere of 95% air, 5% CO2 at 37 °C. Thereafter, medium was refreshed every 2 to 3 
days. Upon sub confluency, cells were released with trypsin/EDTA (0.25% w/v crude 
trypsin, 1 mM EDTA, pH 7.2) and sub-cultured for 4 passages in T-75 flasks. The cells were 
counted using a Coulter® Counter (Coulter Electronics, Luton, UK) and subsequently frozen 
until further use. For fluorescent cell observation, a similar cell type was derived from a 
green fluorescent protein (GFP) transgenic Sprague–Dawley rat10,11. Cells of passage 4-6 
were used in this study. 
Alkaline phosphatase (ALP) activity was assessed to ensure that the PDL nature of 
the cells. Cells of three sources (PDL, gingival, and alveolar bone) from passage 4 were 
seeded in 24-well plates (2 × 104 cells /cm2) and cultured in osteogenic medium containing 
10% FCS (Gibco), 50 µg/mL ascorbic acid (Sigma-Aldrych, Zwijndrecht, the Netherlands), 
10 mM Na-β-glycerophosphate (Sigma), and 10-8 M dexametasone (Sigma). After 2 weeks 
of culture, medium was removed and samples were washed twice with PBS. Subsequently, 
1 ml MilliQ water was added into each well. After two freeze-thaw cycles, the 
supernatants were assessed for ALP activity. For this, 20 μl of 0.5 M 
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2-amino-2-methyl-1-propanol was added to 80 μl of sample. Next, 100 μl of p-nitrophenyl 
phosphate substrate solution was added. Mixtures were incubated at 37C for 1h and ALP 
activity was measured at 405 nm using an ELISA microplate reader (Bio-Tek Instruments 
Inc, USA). All PDL cells used in this study showed ALP activity intermediate to alveolar 
bone and gingival fibroblasts.  
2.2. Medium containing EMD 
For the experimental medium containing EMD (EM), in 90 ml of the previously described 
medium (BM) 0.3 ml EMD
 
was dissolved. In detail, the plunger of the EMD syringe was 
carefully removed, subsequently 50 µl of EMD was taken out with a sterile pipette and 
added to the 90 ml medium (BM). Gentle rotations of the medium with the EMD were 
made until the EMD was completely dissolved, this method was repeated until all EMD 
(0.3 ml) was dissolved in the 90 ml medium. The final concentration of EMD was 100 
µg/ml. This medium (EM) was used throughout the entire experiment, however, freshly 
prepared before each cell culture was started. 
2.3. Substrates and coverslips 
Elastomer silicone rubber dishes were prepared by mixing Elastosil A and Elastosil B 
(polydimethylsiloxane, Elastosil RT 601; Wacker-Chemie, München, Germany) in a 1:10 
ratio. This mixture was poured into acrylic dish molds, left at room temperature for 2 
hours to remove air bubbles, and then placed in a furnace at 60 ºC for 24 hours. 
Subsequently, the dishes were carefully removed from the template, cleaned with a 10% 
detergent (Liquinox; Alconox Inc., White Plains, NY) in MilliQ water, washed 10 times 
with pure MilliQ, rinsed with 100% ethanol, and autoclaved at 121 °C for 15 min. 
Thereafter, the dishes were stored until further use. Immediately prior to cell seeding, a 
radio frequency glow discharge (RFGD) treatment (Harrick Scientific Corp., Ossining, NY, 
USA) for 5 min at 100 mTorr Argon was performed.  
Plastic coverslips were cut out of polystyrene petri-dishes (Greiner Bio-One GmbH, 
Kremsmünster, Austria) into square 27 × 24 mm (L × W mm) plates. The top of the plate 
was marked with a small indentation, and 9 perforations (diameter 1 mm) were drilled, 
evenly distributed around the plate (Figure 1A). Subsequently, the coverslips were cleaned 
and subjected to RFGD treatment as described above.  
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Figure 1. Experimental setup; (A) Top view of experimental setup; light blue represents the silicone 
dish; the white squares, represent the plastic cover plates with nine holes/perforations (width x 
length; 27 x 24 mm, diameter of the perforation 1 mm); the grey circles represent the metal weights 
(diameter 15 mm, height 5 mm) to keep the gel in position; (B) Lateral view of a relaxed dish; in 
purple the medium; in grey the metal weight; in white the plastic cover plate; and in pink the cell-gel 
solution; (C) Top view of the coverslip; the area in between the holes was considered the central 
area (CA) and the area surrounding the holes was the edge area (EA). 
2.4. Collagen gel containing PDL cells 
On ice, and while continuously shaking vigorously, 20 μl of 10 times concentrated 
phosphate buffered saline (PBS) was mixed with 3 μl 1N NaOH, 43 μl MilliQ, 124 μl of 
collagen solution (rat tail collagen type I; Becton Dickinson, Breda, The Netherlands), and 
10 μl cell solution containing 5×104 cells. A total of 180 μl of this solution was injected 
onto the bottom of the silicone dish, resulting in an average thickness of PDL space of 200 
μm. Subsequently, the plastic cover slip with pores and a stainless steel holding ring (5mm 
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height × 15mm diameter, weight 1.0g) were placed to secure the position of the gel 
(Figure 1B). Thereafter, the dish was placed in a cell culture incubator in order to set the 
collagen gel at 37 ˚C. After gelling for 30 minutes, 2.5 ml of BM or EM medium was added 
to each sample. 
2.5. Loading regime/mechanical stimulation 
To examine the effect of mechanical stimulation, unilateral cyclic stretch with an 8% 
magnitude and frequency of 1 Hz was applied for 1, 3, or 5 days, in parallel direction to the 
longitudinal side of the silicone dish. The mechanical loading was applied intermittently, 
i.e. 15 minutes of stretch and 15 minutes of rest for 8 hours, after an initial static period of 
16 hours
12
.  
2.6. Fluorescence microscopy for cell distribution, cell orientation and cell number  
To observe cell distribution and cell orientation, collagen gels containing GFP-PDL cells 
were observed with an automated fluorescent microscope (Axio Imager Microscope Z1; 
Carl Zeiss Micro imaging GmbH, Göttingen, Germany) set at magnification of 20× at the 
time points 1 hour after cell seeding; and day 1, 3 and 5 day of culture. For each sample, 
over 100 microscopic fields were randomly selected and cells were examined and counted. 
For overall orientation with respect to the stretch direction, Image J software (Image J, 
National Institutes of Health, Bethesda, MD, USA) was used. Only cells that were extended, 
not in contact with other cells and not in contact with the image perimeter, were included 
in the measurement. Median angles and standard deviations were calculated and groups 
were compared using an unpaired t-test (Instat version 3.05 GraphPad Inc, San Diego, CA, 
USA). Angles were compared to the direction of the applied stretch, i.e. a 90-degree angle 
means perpendicular to the stretch direction. When observed form above, cells were 
analyzed separately in the center and near the edges of the collagen gel (Figure 1C). Thus, 
the area in between the holes was considered to be the central area (CA) and the area 
surrounding the holes was considered to be the edge area (EA) (Figure 1C).  
For the cell number analysis, GPF-PDL cells were cultured for 1, 3 and 5 days. After 
each time period, samples were examined under the microscope as described previously, 
however now at a lower magnification (10×). The cell number in each field was calculated 
using Image J software. For each time point, 2 samples were used and 40 microscopic 
fields were randomly taken from each sample. Non-spread cells were considered dead 
and subsequently excluded from the counting. The data were compared with a two-way 
ANOVA and post hoc Tukey testing (Instat version 3.05 GraphPad Inc, San Diego, CA, USA).   
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2.7. 3D image reconstruction 
To observe cell morphology in 3D, collagen gels containing GFP-PDL cells were gently 
removed from the setup after 3 days of culture and transferred on to a custom-made 
polystyrene membrane (100 m thick) created by solvent casting. These samples were 
observed using confocal laser scanning microscopy (CLSM, Olympus FV1000) with a 63× oil 
immsersion objective. Series of scanning images were made with excitation wavelength 
488 nm and emission wavelengths of 550 nm. The single XY scan had an optical slice 
thickness of 1.5 µm. Three-dimensional projections were digitally reconstituted from 
stacks of confocal optical slices (Olympus, FV1000 version 1.6). Animations of top-down 
view were made by importing sequential images into Image J software. All observations 
were performed in duplicate for all groups. 
2.8. Real time Polymerase Chain Reaction  
Gene expression was studied after day 3 of incubation. The cell-gel constructs were 
collected and the total RNA from the cultured cells was isolated using TRIzol
®
 reagent 
(Invitrogen, Breda, the Netherlands) according to the manufacturers instruction. The RNA 
concentration was measured with NanoDrop (Nanodrop Technologies, Wilmington, DE, 
USA). After obtaining the mRNA, a first-strand reverse transcriptase PCR was performed 
using the Superscript™ First-strand Synthesis System for RT-PCR (Invitrogen); according to 
the manufacturers protocol.  
The cDNA was then amplified and specific gene expression was quantified in 
real-time PCR. For this reaction, 12.5μl master mix, 2 μl DNA, 3μl primer mix (1.5 μl 
forward primer and 1.5 μl reverse primer mixed) and 7.5 μl DEPC were added into the 
reaction system. Subsequently, the PCR was performed in a Real-Time PCR reaction 
apparatus with the desired temperatures. Primers were designed so as to avoid 
amplification of genomic DNA, and therefore each amplicon spans at least one intron 
(Table 1). 
The genes studied in the real-time quantitative (Q)PCR were coding for the three 
bone differentiation markers, i.e. Bone sialoprotein (BSP), Runx-2 transcription factor and 
signaling molecules cyclooxygenase (COX-2 ), the major ECM protein collagen type-І (Col-І), 
as well as the growth factor related transcription factor c-Fos. Relative gene expression 
was normalized to the household Gapdh gene expression. The expression of the tested 
genes was calculated via the 2-ΔΔCt method13 relative to the BM group. Statistical analysis 
was performed with a one-way ANOVA and post hoc Tukey testing using Instat. 
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Table 1. Rat specific primer sequence for the genes used. 
3. Results: 
3.1. Cell distribution  
One hour after seeding, cells appeared rounded in shape, and had not spread yet (Figure 
2A). One day later, most of the cells had attached to the collagen matrix and had started 
to spread (Figure 2B). In time, cells became elongated and increased in number upon 
visual inspection (Figure 2C). Noticeably, at day 5, even cell colonies could be observed 
(Figure 2D). At lower magnification, it was clear that the cells were evenly distributed 
within the artificial PDL space (Figure 2E).  
 
Figure 2. Cell distribution: (A) 1 hour after cell seeding, original magnification 20×; (B) 1 day after cell 
seeding, 20×; (C) 3 days after cell seeding, 20×; (D) 5 days after cell seeding, 20×; (E) distribution of 
cells at day 3, 10×. 
  
 Forward (5’  3’) Reverse (5’  3’) NCBI Reference 
Sequence 
Product BP 
size 
Col I GAGCGATTACTACTGGATTGACCC CAAGGAATGGCAGGCGAGAT NM 053356 506 
C-fos ATCCGAAGGGAAAGGAATAAGA CAAGTCCAGGGAGGTCACAGA NM 022197 246 
Cox-2 TCCAACCTCTCCTACTACAC GTTGCACGTAGTCTTCGATC NM_017232.3 625 
BSP GAAGCAGGTGCAGAAGGAAC ACTCAACCGTGCTGCTCTTT NM_012587.2 157 
Runx-2 GAGCACAAACATGGCTGAGA TGGAGATGTTGCTCTGTTCG NM_053470.1 238 
GAPDH CGATGCTGGCGCTGAGTAC CGTTCAGCTCAGGGATGACC XM_576394.3 413 
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3.2. Cell orientation  
In the static culture environment, the cells showed multipolar shapes with no evidence of 
preferential orientation (Figure 3A). When mechanical loading was applied, cells changed 
their initial morphology and direction, i.e. became elongated and oriented perpendicular 
to the strain direction (Figure 3B). However, a distinct difference could be noticed 
between the central area (Figure 3B) and the edge area (Figure 3C). More peripheral, the 
alignment was more prominent. 
 
Figure 3. Cell morphological changes upon mechanical loading: (A) Non-stretched sample, after day 
1, original magnification 20×; (B) Stretched sample in central area, after 1 day, 20×; (C) Stretched 
sample in the edge area, after day 1, 20×. The white arrow in the lower part of Figures B and C 
indicates the direction of the applied loading. 
Figure 4. Box-Whisker plot showing cell orientation midpoint (median), and the first and third 
quartile (boxes), and the largest and smallest observations. A mean of 45˚ indicates no preferential 
orientation, whereas a higher angle indicates alignment perpendicular to the direction of force. Note 
that cells in the Edge Area were more prone to alignment compared to the cells in the central area. 
***: P< 0.001 
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Besides visual inspection, cellular alignment was also quantified as shown in a 
Box-Whisker plot (Figure 4). The chart shows that cells were randomly distributed in the 
non-stretched group. However, when subjected to mechanical loading, cells aligned 
perpendicularly to the stretching force. ANOVA testing showed that this cellular 
reorientation was significant compared with non-stretched groups, irrespective of the cell 
location (p < 0.001). Noticeably observed from the angulation measurements, the cells 
close to the edge area were more sensitive to the stretching force and more prone to 
alignment compared to cells in the central area (p < 0.001). In addition, for both areas 
there was a significant difference compared to the control group.  
3.3. Cell number 
Over time cell numbers did not increase in the static groups (BM and EM) (Figure 5). In 
contrast, when stretch was applied, both media showed an increased cell number over 
time (p < 0.001). When comparing the groups at the individual time points it became 
evident that at day 1 stretch gave significantly lower cell counts compared to the control 
in the BM group, but not in the EM group. This was compensated by proliferation, as on 
day 3 no statistical differences were observed anymore. Finally, on day 5 the mechanical 
loading resulted in a significantly higher cell number in both the BM and EM groups (p < 
0.001).  
 
Figure 5. Cell number data: the average cell number after 1, 3 and 5 days of culture. Values are 
represented as mean ± standard deviation. Note: 1.6 mm2 represents the total surface measured for 
a picture taken. ***: P< 0.001 
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3.4. 3D Confocal scanning microscopy 
The 3D morphology of cells in the collagen gel was also studied using confocal scanning 
microscopy. After 1 day of culture, cells were distributed in multilayers for both the 
non-stretched (Video 1) and stretched conditions (Video 2). In the XY axis plane, cells 
converted their direction perpendicular to the applied strain force in the stretched group 
(Video 2). In a 3D observation, cells at the inner part of the gel showed a bipolar shape 
with spherical nucleoli, surrounded by a few short filopodia (Video 3). On the contrary, 
cells on both solid surfaces (Video 4) (silicon bottom and coverslip) showed mainly spread 
multipolar cytoplasm branches surrounding a flat nucleus. Within those surface attached 
cells, some short slender cytoplasmic projections toward the central part of the collagen 
gel (artificial PDL) could also be found.  
3.5. Gene expression 
The expression on RNA level of the tested genes was measured relative to the BM group 
at day 3 (Figure 6). All three other groups showed a higher expression of BSP compared to 
BM, indicating that both mechanical loading and the chemical stimulus EMD influenced 
gene expression. Both EM and BM medium in combination with stretch gave significantly 
lower Runx-2 (relative) expression levels than the control group. For collagen I expression, 
a lower expression of the BM stretch group was detected when compared to EM and EM 
stretch. For both C-fos and Cox-2 no significant differences were detected.  
 
Figure 6. Influence of cyclic strain and EMD on gene expression. Values were normalised to GAPDH 
and relative to the BM group (Black dotted line). Note that there are significant effects on gene 
expression for BSP, Runx-2 and Coll-1 with stretching force and EMD. *: P< 0.05; **: P<0.01 
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4. Discussion  
Periodontitis is characterized by the loss of both the soft and hard tissues surrounding 
teeth, which can eventually lead to tooth loss. Complete and functional periodontal 
regeneration involves the restoration of the complete specific morphology composed of 
the PDL in between the tooth and root socket surface. The cells within the PDL tissue play 
a central role in this periodontal healing process. Considering the complexity of the PDL 
and the effect of different stimuli, it is crucial to develop controlled and easy to apply in 
vitro models to investigate PDL (cell) activity. Many researchers have focused on cell 
behavior in a two-dimensional (2D) environment, while in vivo the PDL composes a 3D 
environment in which cells are surrounded by the extracellular matrix (ECM). The aim of 
our study was to develop a simple 3D model that can be used to examine fundamental 
aspects of PDL under loading as well as chemical stimulation and in the long run perhaps 
can be used for the preparation of a construct for periodontal defect regeneration. 
Our exact same system has been well described in 2D cell culture regarding cell 
compatibility, attachment, differentiation, etc14. This system was now further developed 
towards a 3D model. Regarding the presented set-up, initially multiple adaptations were 
tested before the presented model could be used. The natural situation comprises of two 
hard tissue surfaces, of the bone and root. The coverslip represents one of these hard 
tissues. Still, cover plates without perforations we initially used appeared to limit cell 
survival; thus they had to be provided with openings for better cell nutrition and oxygen 
exchange. Still, cells sometimes appeared to aggregate preferentially near the holes upon 
visual inspection of the fluorescence images. For future further experiments, it can be 
advantageous to use a rigid but permeable coverslip to allow for totally equal conditions 
in all regions. Another issue was that due to the stretching force/movement the coverslips 
detached from the gel instead of maintaining a “fixed” position. The application of the 
RFGD treatment to enhance adherence of the gel, in combination with the metal weights 
successfully resolved this problem. The final presented model proved to provide 
controlled mechanical conditions and can be used to study the effect of several 
parameters on PDL cell behavior. 
The width of the created 3D space was 150-200 μm wide, which resembles the in 
vivo human PDL space
15
. Further, in vivo PDL cells are embedded in ECM, which consists 
for the major part of different types of collagen, though predominantly collagen type I. 
Therefore, collagen type I was also used in this study. Unlike a 2D monolayer culture in 
which cells typically adopt a spread morphology (in x-y axis), cells residing in the collagen 
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matrix protruded into the z-axis as well, thus showing a true 3D morphology and 
distribution. This situation is similar to the natural PDL, in which cells align to the collagen 
fibers that run perpendicular from the alveolar bone to the root cement
15
.  
Yet differences remained between cell morphology on the solid surfaces (silicon 
bottom and coverslip) and in the center. However these are not surprising, and in 
agreement with 2D versus 3D culture systems. For example, fibroblasts in 2D cultures 
exhibit a flat morphology with dorsal-ventral polarity and large lammellipodia, while in a 
3D matrix cells show a natural spindle-shaped morphology
16,17
. This phenomenon may be 
related to the ECM environment in which cells that are encapsulated need to overcome 
surrounding physical impediments in order to proliferate or migrate
18
.  
Cells in vivo are constantly exposed to mechanical loading resulting from their 
surrounding ECM. PDL in vivo is functionally subjected to considerable mechanical loading. 
Also in our model, the transfer of load from a deformable substrate, on a gel material with 
evidently a much lower Young’s modulus, was evident, in the relatively thin (200 µm) PDL 
space. Although there is no covalent link, the affinity of the collagen for the hard surfaces 
(enhanced by our RFGD treatment) is enough to allow for mechanical interlocking and 
load transmission. A clear response to the mechanical loading could be demonstrated as 
cell number increased over time, while for the static circumstances this did not occur. The 
mechanical stresses applied to the cells on this in vitro model are tension forces, which are 
just a part of the loading stimulations applied to the periodontium. Further enhancements 
of the model should aim to reproduce more accurately other mechanical events in vivo. 
Still, in our 3D environment, the PDL cells also oriented perpendicularly to the mechanical 
force. The higher cell rotation at the edges of the collagen gel may indicate that cells are 
more challenged to mechanical loading in this specific region. These changes point to the 
possibility that cells differentiate into different populations similar as in growing PDL i.e. at 
the edges turn into osteoblast-like cells expressing BSP, but in the center more towards 
tendon with low Runx-2 expression. This morphological variation may be a sign of 
different cell phenotypes as a consequence of mechanical stimulation. This phenomenon 
is in accordance with the in vivo PDL environment, in which cells at the bone and cement 
borders are prone to differentiate into osteoblasts or cementoblasts, while in the center 
retain a fibroblastic phenotype.  
As the cellular content of PDL is relatively low, our set-up likewise started with a 
low cell number. The mechanical stimulation led to a higher cell proliferation rate 
compared to the static controls. The increase in proliferation is coherent with other 
researchers19. An explanation for this finding other than a direct effect of loading is also 
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the increased influx of oxygen and nutrition supply as a consequence of the stretching 
movement. In addition, mechanical loading of the cell-gel complex resulted in an increase 
in ECM-formation-related genes (such as BSP and Collagen I) which agrees with another 
study, which showed that up regulation of type I collagen mRNA expression occurred in 
anterior cruciate ligament cells exposed to cyclic stretching20. This suggests that 
mechanical signals trigger cell-surface stretch receptors resulting in cascades of genes 
activation responsible for the synthesis and secretion of key extracellular components
21
. 
The decreased expression of the early osteoblast differentiation gene (Runx-2) and 
relatively low response in gene expression at later time points can be due to: (1) a lower 
degree of stiffness in the collagen gel compared to 2D stretch substrates, or (2) the 
observation that the cells in the center differentiate towards PDL-like tissue. Further, it 
has to be noticed that the gene expression data corroborate with another, more difficult 
to handle, 3D cell culture model that also showed a markedly low response in gene 
expression to mechanical forces8.  
The main dissimilarity between our model system and natural PDL lies in the 
comparatively low density of collagen at 0.2%, compared to high cell/collagen density of 
42% in the PDL region in vivo22. The higher collagen content may introduce higher strength, 
stiffness and anchoring sites for both mechanical force transfer and cell attachment. It can 
also be hypothesized that in such an environment the gene expression of cells at the 
borders is even more sensitive than in the center of the gel, because the mechanical 
difference is so much more pronounced along the borders.  
The EM groups showed always a higher proliferation rate, both under stretched 
and static culture conditions, compared to the BM groups. This finding corroborates with 
other EMD related studies23. EMD medium led to a higher BSP gene expression 
irrespective of stretching. Collagen I expression was lower in the stretched group, but this 
was compensated by the effect of EMD. The effect of up regulation in the ECM formation 
related genes in the EMD group agrees with other research
24,25
. This indicates that the 
presence of EMD upon PDL cell differentiation is crucial in the initial stages of culture26. 
The relatively low response might be associated with the dosage and application method 
in our 3D mode, as the effect was not as obvious in 2D culture systems. On the other hand, 
the in vivo situation is also 3D, thus 2D systems might exaggerate and overstate the actual 
effect of EMD. 
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5. Conclusion 
In this study, a 3D model was introduced in the field of PDL related regenerative research. 
Besides validating the 3D model to mimic an authentic PDL space, it also provided a useful 
and well-controlled approach to study cell response to mechanical strain and can serve to 
investigate cell response to other stimuli. Perhaps, this system can even be used to create 
a functional PDL that can ultimately be delivered to a defect site. 
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Video 1. Short video of cell morphology in a representative sample from the non-stretched group, a 3D 
reconstruction based on sequential scanning images of multiple cells in the gel (original magnification 40x)  
Video 2. Short video of cell morphology in a representative sample from the stretched group, a 3D 
reconstruction based on sequential scanning images of multiple cells in the gel (original magnification 40x)  
Video 3. Short video of cell morphology of a single cell in the central part of the gel (original magnification 60x).  
Video 4. Short video of cell morphology of a single cell on the solid surface of the construct (original 
magnification 60x). 
The videos are available in the following link:  
http://online.liebertpub.com/doi/suppl/10.1089/ten.tec.2011.0367/suppl_file/Supp_Data.zip  
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1. Introduction  
The cells within the periodontal region form a heterogeneous population containing 
osteoblasts, fibroblasts, mesenchymal progenitor cells, epithelial cells from the rests of 
Malassez, cementoblasts and periodontotal ligament (PDL) stem cells1. It is known that 
under appropriate conditions, osteoblasts and cementoblasts in the periodontal region 
can synthesize hard tissue, i.e. the alveolar bone and tooth cementum. This biological 
reaction plays a major role in regulating the osseous remodeling that occurs during 
physiological and orthodontic tooth movement
2
. On the other hand, as the major cell type, 
the fibroblasts within the PDL produce collagens and proteoglycans, which form the main 
fiber bundles inserting into the tooth cement and alveolar bone. It is such hierarchical 
structure that provides these tissues with the necessary tensile properties to withstand 
constant loading from mastication. Since regeneration of periodontal tissue is a complex 
process that includes the simultaneous regeneration of both hard and soft tissues, it is 
crucial to know how PDL cell differentiation is regulated and perhaps even can be 
controlled. To achieve such control, it will be essential that cell culture models are 
advanced to incorporate physiological cues, which are natural to the PDL environment.  
First, cells are capable of sensing environmental signals, including biophysical and 
biochemical factors3,4. Many of these factors are provided by the extracellular matrix 
(ECM), which acts as a cellular scaffold5. In histological observation, it is evident that the 
PDL is a highly oriented tissue, containing parallel nano-scale collagen fibers. Such a 
nano-fibrous niche was shown to play an important role in regulating tissue function, 
cellular performance and differentiation, through its structural and molecular 
composition6-9. By transforming those fibrous niches into controlled cell culture 
substratum features, the function of topographical cues can be studied and interpreted, 
independent of biochemiscal influence. Previous cell culture studies have shown that 
osteoblasts10 and mesenchymal stem cell11,12 are affected through “contact guidance” by 
micron and nano-scale substrate architectures, such as regular collagen-like groove 
patterns. However, the effect of nanotextured topography on PDL cell behavior is still not 
studied in detail. Therefore, we postulate that nano-texture substrates can be used as a 
tool to control PDL cell behavior and differentiation.  
A second mechanism of PDL cell control could be focused around biomechanical 
cues. One major function of PDL is to absorb mechanical forces from mastication. It has 
been shown that the PDL undergoes atrophic changes when the tooth loses occlusal 
function
13
. In clinical orthodontics, it is apparent that under appropriate mechanical force, 
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hard tissues on the compression side will be absorbed while new periodontal tissue will be 
formed on the tension side. Such hard and soft tissue changes are due to the alteration of 
PDL cell activity upon mechanical forces, which makes therapeutically stable movement of 
teeth possible. Indeed, it has been reported that mechanical forces can affect PDL cells 
towards osteogenic gene expression and alkaline phosphatase (ALP) activity. Other studies 
have shown that cellular responses to mechanical strain are interactively affected by the 
type of stretching and cell culture substrate texture
14,15
. Therefore, it is likely to propose 
that not only the nature of the mechanical forces, but also the extracellular matrix 
topography interacting will affect the regulation of the PDL cell. However, thus far there 
has been no report on the correlation between mechanical loading and a nanotextured 
environment to influence on PDL cell activity. Thus, the objective of this study is to clarify 
the influence of such a multi-factorial system, focusing on PDL cell morphology as well as 
gene expression levels.  
2. Materials and methods 
2.1. Cells 
All procedures were performed obeying national guidelines for working with human 
materials. Impacted third molars without caries or other dental problems were obtained 
from young adult patients (18-22 years of age). After extraction, the teeth were washed 
three times for 10 minutes in PBS with 100 units/ml penicillin and streptomycin. The 
primary culture procedure of PDL cells was adapted from Brunette16. Briefly, using a sterile 
scalpel, the PDL tissues were scraped from the middle third of the roots, thus avoiding 
contamination of epithelial or pulpal cells. The freed portions of the PDL were minced and 
transferred to a T-25 flask, filled with 4 ml alpha minimal essential medium (αMEM) with 
10% fetal calf serum (FCS) and 100 units/ml penicillin and streptomycin (Gibco BRL, Life 
Technologies BV, Breda, the Netherlands). Cells were cultured at 37°C in a humidified 
atmosphere of 95% air and 5% CO2. Medium was replaced every 2 to 3 days. Upon 
subconfluency, cells were released with 0.25% trypsin/EDTA and sub-cultured for 2 
passages and frozen in liquid nitrogen. 
After defrosting, an ALP activity test was performed as in our previous in vitro 
study17 to confirm the PDL cells phenotype, in comparison to human osteoblasts 
harvested from alveolar bone (positive control) and gingival fibroblasts (negative control). 
All those cells were cultured 8 days with an initial seeding density of 1×104 cells/ cm2 in 
osteogenic medium as described below.  
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2.2. Silicone dishes and nanotexture substrates 
Culture dishes were prepared from a two-component polydimethylsiloxane (PDMS) 
silicone rubber (Elastosil RT 601; Wacker-Chemie, München, Germany). This rubber has a 
tensile strength of 7.0 N/mm2. The two components of elastomer were mixed, poured into 
dish molds, allowed to sit at room temperature for 1 h, and then cured at 60°C overnight.  
  
Figure 1. Casting procedure for silicone elastomer nano-patterned substrates. 
To produce nanotextured surfaces, a silicon wafer template was generated using 
laser interference lithography (LIL) as described previously18. This patterned wafer 
contained parallel grooves of 300 nm wide (600 nm pitch) with depth of 150 nm. The 
procedure of making the silicone substrates is shown in Figure 1. First, polystyrene 
replicates of the templates were made by solvent casting. The casting solution was made 
by dissolving pieces of tissue culture polystyrene (Greiner, Kremsmünster, Austria) at 
25g/150ml concentration in chloroform (Labscan, Dublin, Ireland) and stirring gently for 
24 hours. After casting this solution on the templates, the chloroform evaporated 
overnight in a laminar flow hood. The replicates were removed from the templates and 
replicated a second time in a silicone rubber, using the same material as used for the 
silicone dish. Subsequently, the grooved rubber replicas were glued into the silicone dish 
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with silicone glue (RTU silicone adhesive, Nusil Technology, Carpinteria, CA). The groove 
direction was in parallel to direction of the applied stretch. Smooth silicone substrates 
were used as a control. All silicone dishes were cleaned in a 10% detergent (Liquinox; 
Alconox Inc., White Plains, NY) in MilliQ water then in 1% Liquinox/MilliQ, and 10 times in 
pure MilliQ. Subsequently, they were air dried, and autoclaved at 121°C for 15 min. Finally, 
dishes received a radio frequency glow discharge treatment (RFGD) treatment
 
(Harrick 
Scientific Corp., Ossining, NY) for 5 min at 100 mTorr Argon to increase surface 
hydrophilicity. This procedure was done 2 hours before cell seeding. 
2.3. Cell seeding 
Cells from passage 4-6 that were confirmed by ALP test were used for the various assays. 
The isolated PDL cells were seeded on smooth and nano-grooved silicone dishes at a 
density of 1 × 104 cells/cm2 in 2 ml of proliferation or differentiation culture medium and 
left to attach overnight before mechanical stimulation. 
Two types of culture medium were used. The proliferation culture medium 
(hereafter referred as O- culture medium) was α-MEM containing 10% FCS and 100 
units/ml of penicillin/streptomycin mix, and was used for cell morphological observation, 
DNA assay,  and the ligament-related gene testing. Osteogenic differentiation culture 
medium (O+ culture medium) additionally contained 50 μg/ml ascorbic acid, 10 mM 
Na-β-glycerophosphate and 10
-8
 M Dexamethasone (Gibco BRL, Life Technologies BV, 
Breda, the Netherlands), and was used for osteogenic differentiation and osteogenic gene 
testing. 
2.4. Mechanical stimulation and loading regime 
To examine the effect of mechanical stimulation, unilateral cyclic stretch with an 8% 
magnitude and frequency of 1 Hz was applied for 2 days, in parallel direction to the 
longitudinal side of the silicone dish. The mechanical loading was applied intermittently, 
i.e. 15 minutes of stretch and 15 minutes of rest for 16 hours, followed by a static period 
of 8 hours
14
. As control groups, cells cultured on smooth or nano-grooved substrates 
without mechanical stimulation were used. The samples for cell morphology were 
collected after 2 days of culture, whereas the gene expression samples were collected at 2 
and 8 days after cell seeding.  
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2.5. Substrate topography 
Surface topography was quantitatively evaluated using atomic force microscopy (AFM) 
(Multimode with NanoScope IIIa, Bruker, Santa Barbara, CA). Tapping in ambient air was 
performed with 95 μm long silicon cantilevers (NSG10, NT-MDT Europe BV, Eindhoven, 
the Netherlands) with average nominal resonant frequencies of 240 kHz and average 
nominal spring constants of 12 N/m. The AFM probes were especially suited to 
characterize the manufactured nano-grooves. Height images of each field/sample were 
captured in ambient air at 50% humidity at a tapping frequency of 172 kHz. The analyzed 
field was scanned at a scan rate of 1.0 Hz at 512×512 resolution. NanoScope Analysis 
software (Version 1.40, Bruker, Madison, WI) was used to analyze the resulting images. 
2.6. Cell morphology  
Cytoskeletal morphology was observed using fluorescence microscopy (Imager Z1, Carl 
Zeiss Micro imaging GmbH, Gottingen, Germany). Cells were washed 3 times in PBS, fixed 
for 10 min in 3% paraformaldehyde (Fluka,  Buchs, Switzerland) and 0.02% 
glutaraldehyde in PBS, and permeabilized by 1% Triton-100 (LTD Colebrook, Bucks, 
England) in PBS for 5 min. Thereafter, they were stained with 1:250 Phalloidin-Alexa 568 
(Molecular Probes Inc., Eugene, OR) and 1:2500 DAPI (Invitrogen, Carlsbad, CA) for 2 hours, 
and thoroughly washed with PBS. Subsequently, samples were examined with an 
automated fluorescence microscope. For each sample, the microscopic fields were 
selected randomly and the actin filaments were examined for their overall orientation 
using image analysis software (ImageJ, National Institute of Mental Health, Bethesda, MD). 
The overall cell orientation was examined by determining the angle between the long axis 
relative to the groove direction
18
. Within each sample, at least 100 cells were assessed.  
2.7. DNA content 
Milli-Q water was used to lyse the cells. After two freeze-thawing cycles, the supernatants 
were stored at –80C for further analysis. For the DNA assay, a PicoGreen dsDNS 
Quantitation Kit (Molecular Probes, Leiden, the Netherlands) was used according to 
manufacturer’s instructions. Briefly, 100 μl of sample solution was added to 100 μl 
PicoGreen working solution. After 2-5 minutes of incubation in the dark, the amount of 
DNA was measured using a fluorescence microplate reader (Bio-Tek FL600, Winooski, VT) 
with a 485 nm excitation filter and a 530 nm emission filter. The DNA content in the 
experimental samples was determined from a standard curve with known amounts of 
DNA. 
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2.8. Real time Polymerase Chain Reaction 
Gene expression was studied after 2 days of cell culture (i.e. immediately after mechanical 
loading) and 8 days of cell culture. The cell layers were collected and the total RNA was 
isolated using guani-dium thiocyanate-phenol-chloroform extraction reagent (Trizol, 
Invitrogen, Breda, the Netherlands) according to the manufacturer’s instructions. The RNA 
concentration was measured with NanoDrop (Nanodrop Technologies, Wilmington, DE). 
After obtaining mRNA, a first-strand reverse transcriptase PCR was performed using the 
Superscript (Trizol, Invitrogen, Breda, the Netherlands) First-strand Synthesis System for 
RT-PCR; according to the manufacturer’s protocol. The cDNA was then amplified and 
specific gene expression was quantified in real-time PCR. For each reaction, 12.5 μl 
mastermix, 2 μl DNA, 3μl primer mix (1.5 μl forward primer and 1.5 μl reverse primer 
mixed) and 7.5 μl DEPC were added into the reaction system. Subsequently, the PCR was 
performed in a Real-Time PCR reaction apparatus with the desired temperatures. Primers 
were designed so as to avoid amplification of genomic DNA, and therefore each amplicon 
spans at least one intron (Table 1).  
Table 1. Forward and reverse primer sequences 
The genes studied in the real-time quantitative PCR included two bone 
differentiation markers, i.e. Runx-2 transcription factor (Runx2) and Osteocalcin (OCN); 
and two ligament differentiation markers, i.e. Scleraxis transcription factor and Elastin. 
Relative gene expression was normalized to the expression of household gene GAPDH. 
The expression of the tested genes was calculated via the 2-ΔΔCt method15 relative to the 
smooth static culture group. Each sample was tested in duplicate and the relative gene 
expression values were based on 3 samples from each group expressed as mean ± 
standard deviation. The RNA-negative control consisted of only milli-Q water that was 
reverse transcribed and amplified in parallel with the cell samples. 
  
 Forward (5’  3’) Reverse (5’  3’) 
Runx-2 GTGATAAATTCAGAAGGGAGG CTTTTGCTAATGCTTCGTGT 
Osteocalcin AGGGCAGCGAGGTAGTGAAGA TAGACCGGGCCGTAGAAGC 
Scleraxis CGAGAACACCCAGCCCAAAC ACCTCCCCCAGCAGCGTC 
Elastin TGGAGGCATTCCTACTTACG CCAGGAACTAACCCAAACTG 
GAPDH CGATGCTGGCGCTGAGTAC CGTTCAGCTCAGGGATGACC 
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2.9. Statistics 
Samples were triplicate for each test. The complete experiment was performed twice, to 
ensure reproducibility. Outcome of both experiments was alike, and thus only the first 
experiment is represented. Statistical analysis for cell morphology was performed using an 
non-parametric Wilcoxon signed rank test19. The other data were analyzed using one-way 
analysis of variance (ANOVA) with Dunnett post-hoc test or two-way ANOVA for synergy 
testing. Calculations were performed using statistical software (SPSS15.0, Chicago, IL). 
3. Results 
3.1. PDL cell phenotype identification 
ALP activity was confirmed in the PDL cell culture as a whole after 8 days in O+ medium 
(Figure 2). The ALP activity in PDL cells was in between osteoblasts from alveolar bone 
(positive control) and gingival fibroblasts (negative control) cultured at the same 
conditions.  
Figure 2. ALP activity relative to the amount of DNA for the PDL cells, osteoblasts and gingival 
fibroblasts grown on the plain polystyrene well plate after 8 days of culture in the osteogenic culture 
medium. Gingival fibroblasts did not show ALP activity, while PDL cells showed a level of ALP activity 
between osteoblasts and gingival fibroblasts. 
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3.2. Substrate topography 
Nanotextured substrates were routinely checked by AFM (Figure 3). Topography height 
profiles of silicone substrates showed groove dimensions with an average pitch of 572 ± 
10 nm, and depth of 97.9 ± 5.1 nm. 
 
Figure 3. (A) AFM topography images showing the 3D silicone rubber nanostructures and (B) the 
corresponding height profile. 
3.3. Cell morphology  
 
Figure 4. Cell morphology upon confrontation with nano-topography and mechanical deformation. 
(A) random cell morphology on smooth surface; (B) parallel cell orientation to the groove direction; 
(C) vertical direction over mechanical loading; (D) cell realignment due to the mechanical loading. 
Arrow indicates the direction of the stretching force; parallel lines indicate the direction of the 
nano-groove. 
Chapter 6 
 
 
  111 
Figure 4A-D shows fluorescence micrographs of the PDL cells. Cells on smooth control 
surfaces showed a random spreading direction, without any preferential orientation. 
However, contact guidance of the pattern was evident on the nanotextured substrate. PDL 
cells extended and aligned towards the nano-grooved patterns in a spindle-like shape. In 
contrast, with the presence of mechanical stimuli, cells showed a similar shape, however 
oriented perpendicular towards the direction of the stretching force. The parallel 
alignment to the direction of the nano-pattern was also lost when the PDL cells were 
cultured on the nanotexture and subjected to the stretching force simultaneously.  
Figure 4 E) Box-whisker plot showing the cellular alignment to different conditions. The chart shows 
cell orientation midpoint (median), and the first and third quartile (boxes), and the largest and 
smallest observations. The direction of the stretching force was set as 0° in the chart. Cells aligned 
vertically to the stretching force when cyclic strain was applied, regardless of the substrate pattern. 
The p-value in different groups was calculated against the smooth control (* indicates p < 0.001), 
and each box in the plot represents ~200 cells. 
Analysis of the alignment was quantified. In order to indicate the dispersion of cell 
orientation, it is depicted in the box-whisker plot shown in Figure 4E. Such a chart shows 
cell distribution midpoint (median), the first and third quartile (boxes), and the largest and 
smallest observation (whiskers). By definition, the cell morphology data are not normally 
distributed. For random cell orientation values will range over the whole 90 degrees, 
whereas for oriented cells a very high or low mean will occur, combined with a confined 
distribution
18,19
. Indeed, calculation of the cell angulations demonstrated that cells on the 
smooth surface showed wider quartile score and a median of 42.9 degrees, which 
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indicates random distribution. However, when grown on the nano-grooved pattern, cells 
oriented toward the direction of grooves with a median angle of 17.0˚. Similarly, when 
subjected to the loading, the cells aligned perpendicular to the stretching force with a 
median angle of 69.2˚. However, when cells were on a patterned substrate and strain was 
applied, cells shift their orientation to the direction induced by the mechanical force with 
similar median angle 69.8˚ as on the smooth surface.  
3.4. Total DNA amount 
The results of DNA analysis from PicoGreen assay are shown in Figure 5. There were no 
significant differences in the amount of DNA between the four different experimental 
conditions, except after 3 days of culture, when the combination of stretch and 
nanotextured substrate was used.  
Figure 5. Amount of DNA upon different culture conditions at Day 2, 3 and 4. Note that cell 
proliferation rate was significantly higher in stretched and nanotextured substrate group after 3 
days of culture. * indicates p < 0.05. 
3.5. Gene expression  
The mRNA expression of typical bone markers Runx-2 and OCN are shown in Figure 6A, B. 
Upon one single stimulus (nano-groove or mechanical loading), no differences were 
observed on either gene. When combined stimuli were applied, a higher expression 
profile was observed with Runx2 at both 2 and 8 days of culture. Besides, by the two-way 
ANOVA statistic analysis, it is confirmed a synergistic effect toward mechanical loading 
and nano-texture on the expression of Runx2 at Day 8 (p <0.05). The OCN gene showed 
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similarly higher score with the combination of mechanical loading and nanotexture. 
However, this difference disappeared after 8 days of culture.  
Figure 6. (A) Runx2 and (B) Osteocalcin gene expression in the PDL cells after 2 days and 8 days of 
culture in the osteogenic medium. (C) Scleraxis and (D) Elastin gene expression in the PDL cells after 
2 days and 8 days of culture in the proliferation medium. The p-value in the different groups was 
calculated against the smooth control. * indicates p < 0.05. 
Gene expression results of the ligament-related markers are shown in Figure 6C, D. 
At day 2, there were no significant differences in scleraxis and elastin gene expression. 
However, differences in gene expression between the mechanical loading group and the 
other groups became evident after 8 days of culture.  
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4. Discussion  
Surrounded by a highly oriented tissue environment, and intermittently subjected to 
mastication stresses, the periodontal ligament is exposed to a unique situation of physical 
stimuli. PDL cells, as the major cell resource in the periodontal ligament, play a vital role in 
tissue development and regeneration processes. Thus, it is important to investigate 
cellular responses towards combined physiological stimuli in one in vitro model. 
Accordingly, the aim of this study was to design a multi-factorial model in which these 
processes can be mimicked. We used mechanical loading and nanotexture substrate to 
differentiate PDL cells under normal and osteogenic conditions. Results demonstrated that 
PDL cells oriented to the nano-grooved patterns. However, cells shifted away from such a 
preferential direction when mechanical loading was applied. More cells were achieved 
when PDL cells were cultured with dual stimulation. Furthermore, a synergistic effect was 
observed on the expression of Runx2 at Day 8 when dual stimulation was used; while for 
the ligament-related genes (scleraxis and elastin), only the mechanical loading proved to 
be a positive critical factor. 
In order to mimic the in vivo mechanical environment, several experimental cell 
culture systems have been developed20-22. However, most models are dealing with 
mechanical stimulation as a single factor, which limits comparison to the complex cellular 
environment in nature. Although cells actively respond to mechanical strain, this effect 
may be hampered within the periodontal ligament by the surrounding spatial barriers. 
Reversely, mechanical loading may guide the alignment of newly formed extracellular 
matrix into a certain preferential direction, or reorganize the collagen bundles adaptive to 
stress, rather than the initial direction of deposition. In this way, oriented PDL bundles 
formed along the root surface to adapt the occlusal and horizontal chewing forces during 
tooth development. Therefore, in the current study, mechanical and topographical 
parameters were introduced in a multi-factorial stimulation system to better understand 
these processes. 
Considering the specific parameters in our study model, it has been reported that 
cellular responses are affected by type, frequency, strength and duration of mechanical 
stresses15,23. It is shown that the results in morphology and gene profiles changes ascend 
with increasing loading magnitudes. It is known that periodontium can be compressed or 
expanded by chewing or orthodontic treatment, with deformation of the entire PDL up to 
a magnitude of 23%23. Still, such load for the individual cells in situ will be 
supra-physiological, and for cell culture studies routinely 8% is used, as we did 
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herein14,15,24. It was shown in a previous study14 that an intermittent protocol for cyclic 
stretching resulted in an enhanced differentiation pattern in bone marrow stromal cells. 
The cyclic tension was shown to significantly up-regulate the osteogenic genes when 
human periodontal ligament cells were used25,26. To create deformable elastic surface, 
PDMS was used to create the substrates. It has been validated in our previous studies 
which indicate polystyrene replicas had a constant quality and uniform nanogroove width 
and depth (groove 305 nm, ridge 318 nm and depth 122 nm)
27
. However, to make silicone 
rubber replicas of the nano-groove pattern remains challenging. In order to confirm the 
topography of the replica, AFM analyses were routinely performed. Although the sizes of 
grooves in the silicone substrates were somewhat smaller than the original silicon wafer, 
applying a vacuum before setting proved essential to achieve constant and reproducible 
grooved patterns with a groove pitch of ~572 nm and groove depth of ~98 nm. Because of 
the viscous properties of the PDMS material, and insufficient polymerization towards the 
exterior, topographies of even smaller size will be difficult to produce15.  
Regarding our results, the data corroborate many previous investigations, showing 
cells following the structural cues on a surface, or adapting an orientation perpendicular 
to the direction of tensile strain. On the nano-patterned substrates, although the grooves 
provide contact guidance, cells reorient preferentially to the mechanical loaing regardless 
of pattern direction. This mechanical predominant effect also leads to relevant changes of 
gene profiles in the cells. The possible mechanisms behind this phenomenon are likely 
related to intracellular biomolecular pathways, which were shown to be affected by the 
strain. The downstream genes commonly assessed for osteogenic and tenogenesis signal 
pathways were also affected. Shear forces created by liquid flow from the mechanical 
stretching movement may play a role in the regulation of cell differentiation pathways.  
Clinical observations have shown that loss of occlusal function induces atrophic 
changes in the periodontal ligament, such as narrowing of the periodontal space, 
disorientation of collagen fibers and alteration in the production and distribution of 
proteoglycans13,23. However, it is not fully understood how exactly this mechanism works. 
As both processes of osteogenesis and ligament-genesis take place in such a confined area, 
PDL cells must play a decisive role in keeping the balanced metabolism between hard and 
soft tissue turnover. Our results showed that PDL cells respond positively to the 
mechanical stimuli in both osteogenic and ligament genesis pathways on mRNA level. 
Nano-scale topography acts as a cumulative factor in osteogenic gene expression, while as 
a subtractive factor in the ligament-genesis. The overall expression of Runx2 was 
enhanced when strain and the nano-grooved pattern were applied together. Interestingly, 
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the effect of strain maintained even after the actual stimulation period was completed up 
to Day 8. The mRNA expression of OCN is dynamic and, therefore also later time point for 
expression would be expected, eg. at day 14 or 21 days after osteogenic induction. 
However, our model system would not be equipped to perform such measurement. Upon 
prolonged culture, cell layers will start to detach from silicone rubber substrates. Still, 
these results suggest that the combined conditions of cyclic stimulation and the 
nanotexture surface can contribute to the expression of Runx2. This result is in accordance 
with other studies which found that human periodontal ligament cells expressed an 
osteoblastic phenotype under the influence of dynamic tension, especially during the low 
magnitude mechanical stress stimuli, or low levels of cell shape distortion
28,29
. Likely in our 
system, the different topography may result in a different pattern of force transfer, 
making the gene expression changes ever more evident.  
Scleraxis and elastin are markers indicating the differentiation of cells into 
tendonoblasts30. The results of the ligament differentiation assays indicated that the effect 
of cyclic loading on the expression of scleraxis was not significant on day 2, but the effect 
became obvious 6 days after loading. As for elastin expression, cells reacted similarly 
toward the strain and nano-grooved surface pattern. This suggests that mechanical 
loading had a positive effect on the early differentiation of PDL cells into the ligament 
phenotype. Again, our measurements are consistent with other reports, demonstrating 
that mesenchymal stem cells can differentiate toward the ligament lineage in response to 
mechanical loading31,32. However, higher expression was observed when PDL cells were on 
smooth surface rather than on grooved surfaces. The diminished expression of 
tendon/ligament gene expression in the nano-patterned condition may be due to the 
rearrangement of cells, a general cellular response for resisting external stimulation 
and/or excitation.  
5. Conclusion 
In summary, the present findings suggest that mechanical stimulation is a crucial factor in 
regulating PDL cell behavior through modulation the levels of osteogenic and 
ligament-forming activities. Moreover, the ECM-resembling surface structures induce 
different responses from PDL cells in terms of morphology and gene expression. 
Multi-factorial models seem useful to provide a physiological analogue for in vivo studies. 
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1. Summary and address to the aims 
Medical advancements have lead to a prolonged life span in the general population. 
Simultaneously, maintenance of the natural dentition becomes more important. However, 
aging is also associated with an increase in the occurrence of periodontal problems, which 
can just result in the loss of teeth. Consequently, there is an essential need for effective 
management of this condition, i.e. the predictable regeneration of the periodontal tissues 
to their original state. Several approaches have been adopted to achieve periodontal 
regeneration, including root surface conditioning, bone graft placement, guided tissue 
regeneration and the local application of growth factors. However, those procedures, 
which are used either alone or in combination, have limitations in attaining complete 
regeneration. Thanks to recent advances in cell biology and biomaterial development, 
tissue engineering provides a promising approach to achieve periodontal regeneration. By 
combining cells, signalling molecules and carrier scaffolds, a tissue engineering strategy 
can provide a tissue with appropriate spatial and temporal cues to facilitate new 
periodontal tissue formation.  
The aim of the current thesis was to investigate a cell-based tissue engineering 
strategy for periodontal regeneration. In chapter 1, a general introduction on periodontal 
tissue engineering and a description of the aims of this thesis are presented. Thereafter, 
each following chapter discusses a separate research question. This summary addresses 
the aims as described in the first chapter in successive order.   
1. What is the current state of the art in scaffolds and preclinical models used in 
engineering dental tissues?  
The human innate ability to regenerate lost dental tissues is known to be limited. At 
present, due to the improved understanding of the wound healing process, together with 
the recent advances in materials science and molecular biology, the “engineering” of 
specific dental tissues or the whole tooth appears to be more and more feasible. As a 
result, the treatment paradigm in dentistry has been changing from “mechanical solutions 
for biological problems” to “biological solutions for biological problems”. Furthermore, 
before a biological solution for a dental problem can be found in form of a commercially 
available tissue engineering product, a suitable biomaterial has to be developed and 
tested in an appropriate animal model. In chapter 2, we provided an overview of the 
scaffolds currently applied to dental tissue engineering, and the preclinical models, in 
which these have been evaluated. The most commonly used scaffolds and models were 
discussed in view of their treatment strategy: regeneration of dental pulp complex, 
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periodontium, alveolar bone. Based on our research experience, some guidelines for 
choosing the appropriate experimental setting were given, and future directions for 
development in this field were highlighted. 
2. Does implantation of periodontal ligament cells promote periodontal 
regeneration in a rat maxillary periodontal defect model? 
Due to a lack of regenerative potential, current treatments for periodontal defects 
do not always provide satisfactory clinical results. Previously, the implantation of a 
biomaterial scaffold-cell construct has been suggested as a clinically achievable approach. 
In chapter 3, it was aimed to investigate the contribution of implanted periodontal 
ligament (PDL) cells to periodontal tissue regeneration. To this end, gelatin sponges were 
seeded with green fluorescent protein (GFP) transfected PDL or gingival fibroblasts (GF) 
cells, and implanted into a surgically created intrabony periodontal defect in a rat. After six 
weeks, decalcified maxillae were used for histomorphometrical and immunohistochemical 
analyses. Animals that had received PDL cells exhibited significantly more functional bone 
and ligament. Furthermore, there were remarkable differences in the distribution of the 
transplanted cells. PDL cells were always located directly lining the newly regenerated 
areas. In contrast, GF cells dispersed over the whole defect area, and did not provide a 
favourable effect on the regeneration of the periodontal tissues.  
Based on the results, we concluded that PDL cells transplanted into a periodontal 
defect survive and favour regeneration of periodontium, possibly in a paracrine manner. 
3. What is the role of implanted PDL cells in the process of periodontal 
regeneration? 
Transplantation of PDL cells is a promising strategy for periodontal regeneration. 
However, little is known about the function of the transplanted PDL cells. In chapter 4, a 
combination of in vitro co-culture systems and in vivo immunohistochemistry was used to 
investigate the role of PDL cells in the regenerative process. Co-culturing of mesenchymal 
cells in direct contact with PDL cells increased significantly the formation of mineralized 
matrix and mRNA expression of the osteogenic gene osteocalcin. In contrast, adding 
control gingival fibroblasts resulted in a decrease of expression. Similar results were also 
obtained when a non-contact co-culture system was applied to separate PDL cells from  
mesenchymal cells by a membrane. In the in vivo rat model, after PDL transplantation, 
regeneration of alveolar bone and ligament tissue was seen. Implanted PDL cells clustered 
and were distributed along, but not inside, the newly formed tissue. In addition, 
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immunohistochemistry showed enhanced OPN expression and gap junction staining in 
areas neighbouring the implanted PDL cells. In conclusion, the results suggest that PDL 
cells enhance the periodontal regeneration process by a trophic factor stimulating 
especially the osteogenic activity of the surrounding host cells.  
4. What is the influence of mechanical loading on PDL cells in a three dimensional 
(3D) cell culture system?  
Periodontitis is a disease affecting the supporting structures of the teeth, which 
eventually can result in tooth loss. A 3D tissue culture model was developed in chapter 5 
that may serve to grow a 3D construct to transplant into defective periodontal sites, but 
also allows the examination of the effect of mechanical load in vitro. In this study, GFP 
labelled PDL cells from rat incisors were embedded in a 3D matrix and exposed to 
mechanical loading alone, to a chemical stimulus (Emdogain; EMD) alone, or a 
combination of both. Loading consisted of unilateral stretching (8%, 1 Hz) and was applied 
for 1, 3, or 5 days. Results showed that PDL cells were distributed and randomly oriented 
within the artificial PDL space in static culture. Upon mechanical loading the cells showed 
higher cell numbers. Moreover, cells realigned perpendicular to the stretching force 
depending on time and position, with great analogy to natural PDL tissue. EMD application 
gave a significant effect on PDL growth and upregulated BSP and Col-I, while Runx-2 was 
downregulated. The combination of chemical and mechanical stimulation seems possible, 
but does not show synergistic effects. 
In this chapter, a new model was successfully introduced in the field of PDL related 
regenerative research. Besides validating the 3D model to mimic an authentic PDL space, it 
also provided a useful and well-controlled approach to study cell response to mechanical 
loading and other stimuli. 
5. How is PDL cell behaviour affected by the application of multi-factorial stimuli 
nanoscale grooved substrates and mechanical stretch?  
PDL cells play an important role in regulating osseous remodelling and ligament 
formation. Mechanical loading as well as the specific cellular environment are involved in 
these processes, regulating cell behaviour. However, most in vitro experimental setups 
investigate mechanical loading or substrate texture separately and thus are atypical to 
represent the PDL micro-environment. Therefore, in chapter 6, we investigated the 
influence of combined mechano-topographical stimuli on PDL cell morphology, 
proliferation, as well as osteogenic and ligament differentiation. Human PDL cells were 
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subjected to nanometric substrate patterning and cyclic tensile stress for 2 days. Cell 
morphology was assessed by fluorescent staining. Further, DNA content, mRNA expression 
of osteogenic (Runx2 transcription factor, Osteocalcin) and ligament related (Scleraxis 
transcription factor, Elastin) genes were. PDL cells adapted to the topography of 
nanometric groove patterns, aligning parallel toward the texture. When subjected to 
mechanical stress, cells lost their initial orientation to the nano-pattern. When subjected 
to dual stimuli, total DNA amount was enhanced at 3 days of culture. Moreover, a 
significant synergistic effect on upregulation of Runx2 was observed in the combined 
group. For ligament-related markers, Scleraxis and Elastin expression increased upon 
mechanical loading, while decreased on nano-patterned surfaces. In conclusion, these 
results suggested that mechanical stimulation is crucial in regulating periodontal cell 
behaviour, through modulation of osteogenic and ligament gene activity, while 
extracellular matrix-resembling structures induce different responses from PDL cells in 
morphology and gene expression. 
2. Closing remarks and future perspectives 
This thesis aimed to provide further insight into the regeneration process of the 
periodontium. To achieve this purpose, two separate research strategies were followed. 
First, the transplantation of PDL derived cells was investigated in an animal model. Second, 
a more fundamental approach was followed, i.e. developing in vitro model systems to 
understand the influence of mechano-topographical stimuli on PDL cell behaviour. 
The results from the in vivo cell implantation study suggest that the transplantation 
of PDL cells can favour periodontal regeneration in an indirect manner. The in vitro 
co-culture study and in vivo immunohistological results indicate that PDL cells promote the 
osteogenic process by releasing stimulus factors, which affect the surrounding osteogenic 
cells. These paracrine effects are considered as a critical consequence, through which PDL 
cells induce superior tissue regeneration. In addition, the higher expression of gap 
junctions in the implanted areas may be indicative of a more intense exchange of small 
messenger biomolecules between implanted PDL cells and surrounding host cells. 
Besides the animal model, also a more fundamental line of study was followed. In 
view of the fact that periodontium is a highly ordered tissue complex, and constantly 
under mechanical stimulus, we hypothesized that the mechano-topographical stimuli will 
take as much part in the reconstruction process as the mediating factors. Using our 
controlled 3D tissue culture model, we demonstrated that PDL cells realigned upon 
mechanical stimuli. The cells tended to shift their orientation always in favour of 
Chapter 7 
 
 
  127 
mechanical loading, even when they were cultured on a nano-patterned substrate surface 
to which the cells usually adapt their morphology at static condition. This phenomenon 
may well reflect the process of ligament reconstruction in vivo. At the initial stages of 
regeneration, the non-ordered surrounding may hamper PDL cells to form collagen fibers 
into an oriented direction. However, during the regenerative process, cells actively 
respond to mechanical strain and start to realign themselves. Subsequently, the realigned 
cells start to deposit newly formed extracellular matrix into a preferential direction in 
order to adapt to the stress. As a result, the newly formed PDL bundles are rearranged 
from chaos to order. Only such fibers which have been deposited in a highly aligned 
manner can transmit the mechanical load efficiently.  
The theoretical predictions from the in vitro model, then corroborate well with the 
findings after in vivo implantation of PDL cells. We observed not only hard tissue formation, 
but also ligament regeneration within the rat periodontal defect model. Since the 
formation of newly, organized ligament was always associated with bone formation, it is 
rational to hypothesize that newly formed hard tissue may serve as prerequisite for 
ligament formation. Only after the initial formation of the bony tissue, mechanical loading 
can occur, evolving the formation and arrangement of collagen bundles into a preferential 
direction.  
At this point the question remains on how to progress cell-based tissue engineering 
strategies into widespread adoption in clinical practice. For this to happen, a number of 
limitations and further investigations need to be considered. Firstly, it is important to bear 
in mind that all discoveries on periodontal tissue engineering have hitherto emerged from 
cell culture and animal models, which cannot always be directly translated to the human 
situation. This thesis mainly focused on the function of PDL cells in a controlled surgically 
created periodontal defect model. However, the influence of compromised anatomy and 
microbial environment in the regeneration process remains to be elucidated. In future, 
alternative periodontal defect models presenting more challenging clinical situations have 
to be used, like models that mimic horizontal bone loss together with a proper 
environmental situation (presence of appropriate microorganisms).   
Secondly, the clinical application of autologous PDL cells can be challenging due to 
the limits of such cell source. Practically, it is not only difficult to harvest sufficient healthy 
cells from patients who are experiencing periodontal disease, but also hard to harvest PDL 
cells without extracting a tooth. It is known that bone marrow stromal cells have the 
potential to differentiate into multiple lineages. Future research may investigate the use of 
this cell type with more clinical feasibility for periodontal tissue regeneration.   
Chapter 7 
 
 
 128 
Thirdly, the molecular signals with which the transplanted cells induce specific 
tissue regeneration are still largely unknown. Further research is needed to elucidate the 
cellular and molecular events involved in the restoration of lost periodontal tissue before a 
reliable biologically-based therapy can be developed. More specifically, only when the 
crosstalk between implanted cells and host cells is thoroughly unravelled, periodontal 
tissue engineering can be further simplified and more effectively applied, by using 
scaffolds loaded with biological-cues that provoke host cell performance without 
implantation of exogenous cells.   
In summary, it is clear that current strategies are less than ideal, but tissue 
engineering holds promise to achieve this goal. Periodontal regeneration requires 
consideration of many features including the appropriate cells, signalling and matrix in an 
orderly temporal and spatial sequence. However, before complete periodontal 
regeneration is feasible for clinical application, many hurdles have to be overcome and a 
thorough understanding of underlying cellular processes in periodontal regeneration is 
required. The development of advanced cell culture systems, closely mimicking multiple 
aspects of the local environment of the tissue, can play an important role in achieving such 
understanding.  
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1. Samenvatting en evaluatie van de doelstellingen 
Toename van kennis in de medische wetenschap heeft geleid tot een hogere 
levensverwachting, en dus tot veroudering van de bevolking. Tegelijkertijd hecht men 
steeds meer waarde aan het behoud van het natuurlijke gebit. De genoemde veroudering 
gaat echter juist gepaard met een toename van parodontale problemen, welke uiteindelijk 
kunnen resulteren in het verlies van tanden en kiezen. Dientengevolge ontstaat er binnen 
de tandheelkunde de noodzaak tot het vinden van een effectieve oplossing van dit 
probleem, dwz. het vinden van een betrouwbare regeneratieve therapie om beschadigde 
parodontale weefsels te kunnen herstellen tot aan de originele toestand. Het 
bewerkstelligen van parodontale regeneratie wordt op dit moment op verschillende 
manieren geprobeerd, onder andere door het schoonmaken van het tandwortel oppervlak, 
het plaatsen van donor bot, de techniek van geleide weefsel regeneratie (“guided tissue 
regeneration”; GTR), het locaal toepassen van groeifactoren, of door een combinatie van 
deze aanpakken. Alle genoemde aanpakken hebben echter hun beperkingen en zijn tot 
dusverre niet in staat om volledige regeneratie te bewerkstelligen. Naar aanleiding van 
recente ontwikkelingen in de vakgebieden van celbiologie en biomaterialen, zou 
weefselregeneratie (“tissue engineering”) wellicht een oplossing kunnen bieden, die wel 
leidt tot het bereiken van volledige parodontale regeneratie. Het combineren van cellen 
met de signaalmoleculen en dragermaterialen, zou een regeneratie strategie kunnen zijn 
die zorgt voor de ontwikkeling van weefsel met de juiste organisatorische en temporele 
eigenschappen, en die wel compleet paradontaal herstel mogelijk maakt. Het doel van het 
huidige proefschrift was om een dergelijke weefselregeneratie strategie voor het 
parodontium te onderzoeken, specifiek gebaseerd op cellen. In hoofdstuk 1, wordt een 
bondige algemene inleiding geschetst over parodontale weefselregeneratie, en worden 
vervolgens de hoofddoelstellingen van het proefschrift beschreven. Vervolgens behandelt 
elk hoofdstuk een eigen onderzoeksvraag. Deze samenvatting behandelt de vragen uit het 
eerste hoofdstuk, achtereenvolgens:  
1. Wat is de huidige stand van zaken op het gebied van dragermaterialen en 
preklinische modellen, in het vakgebied van tandheelkundige weefsel regeneratie?  
Het vermogen van de mens om verloren gegaan tandweefsel te kunnen herstellen 
is zeer beperkt. Dankzij het toegenomen begrip over het proces van wondheling, en  
toegenomen kennis in de vakgebieden materiaalkunde en moleculaire biologie, lijkt het op 
dit moment mogelijk te worden om zelf specifieke tandheelkundige weefsels, of zelfs een 
hele tand, te gaan maken. Dientengevolge verschuift het paradigma voor tandheelkundige 
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behandelingen steeds meer van “mechanische oplossingen voor een biologisch probleem” 
naar “biologische oplossingen voor een biologisch probleem”. Voordat een dergelijke 
biologische oplossing vertaald kan worden tot een praktisch toepasbaar regeneratief 
product, moet een dergelijk geavanceerd biomateriaal getest worden in een geschikt 
diermodel. In hoofdstuk 2, wordt een overzicht gepresenteerd van de dragermaterialen 
die op dit moment worden toegepast bij tandheelkundige weefselregeneratie, samen met 
de gebruikte klinische modellen waarin dergelijke materialen getest worden. De meest 
voorkomende dragermaterialen en modellen worden ingedeeld op basis van de gevolgde 
behandelstrategie: regeneratie van het dentale pulpa complex, het periodontium, of het 
alveolaire bot. Gebaseerd op de onderzoekservaring, worden tenslotte een aantal 
richtlijnen voor het ontwerpen van een succesvolle experimentele opzet gegeven, en 
worden toekomstige ontwikkelingen in dit veld toegelicht. 
2. Leidt het implanteren van parodontaal ligament cellen tot verbeterde 
regeneratie in een maxilla parodontaal defect model in de rat?  
Als gevolg van het beperkte regeneratieve vermogen, leiden huidige behandelingen 
van parodontale defecten niet altijd tot een voldoende bevredigend klinisch resultaat. In 
het eerdere studies is het implanteren van een construct, bestaande uit cellen en een 
biomateriaal als drager, voorgesteld als een klinisch haalbare aanpak. Hoofdstuk 3 had tot 
doel om te onderzoeken welke bijdrage geïmplanteerde parodontaal ligament (PDL) cellen 
kunnen leveren aan parodontale regeneratie. Om dit te onderzoeken werden gelatine 
sponsjes geladen met PDL cellen of als controle cellen gingivale fibroblasten (GF), die 
beide door middel van transfectie waren voorzien van een groen fluorescent eiwit (“green 
fluorescent protein”; GFP). Deze cellen werden vervolgens geïmplanteerd in een 
chirurgisch gemaakt parodontaal botdefect in een rat. Na 6 weken werden de bovenkaken 
gedecalcificeerd en gebruikt voor histomorphometrische en immunohistochemische 
analyse. Wanneer PDL cellen geïmplanteerd waren, werd er in de dieren significant meer 
functioneel bot en ligament gevormd. Vervolgens waren er ook opmerkelijke verschillen 
zichtbaar in de verdeling van de getransplanteerde cellen. De PDL cellen lagen altijd direct 
aangrenzend aan geregenereerde gebieden. In scherp contrast lagen GF cellen verspreid 
over het hele wondgebied, en werd in deze groep geen effect op parodontale 
weefselregeneratie gevonden. Gebaseerd op deze resultaten werd geconcludeerd dat PDL 
cellen na transplantatie in een parodontaal defect kunnen overleven, en vervolgens 
regeneratie van het parodontium kunnen bevorderen, waarschijnlijk doordat deze cellen 
factoren afgeven die inwerken op de directe omgeving.  
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3. Wat is de rol van geïmplanteerde PDL cellen in het proces van parodontale 
regeneratie? 
Transplantatie van PDL cellen vormt een beloftevolle strategie voor parodontale 
regeneratie. Er is echter weinig bekend over de exacte functie van de PDL cellen na 
transplantatie. In hoofdstuk 4, werd een combinatie van in vitro cokweek systemen en in 
vivo immunohistochemie gebruikt om de rol van PDL cellen in het proces van regeneratie 
te onderzoeken. Wanneer mesenchymale cellen in een cokweek direct in contact gebracht 
warden met PDL cellen, nam de vorming van gemineraliseerde matrix, en de mRNA 
expressie van het osteogene gen osteocalcine, significant toe. Het toevoegen van GF leidde 
daarentegen tot een afname in expressie. Vergelijkbare resultaten werden verkregen bij 
het toepassen van een cokweek systeem waarin de cellen werden gescheiden door middel 
van een membraan, en er dus geen direct celcontact mogelijk was. In een in vivo rat model, 
werd regeneratie van alveolair bot en parodontaal ligament gezien na PDL transplantatie. 
De geïmplanteerde PDL cellen werden geclusterd en aangrenzend (maar niet binnen in) 
het nieuw gevormde weefsel teruggevonden. Vervolgens werd immunohistochemisch een 
verhoogde expressie van osteopontine en gap junctions aangetoond, in de gebieden 
aangrenzend aan de geïmplanteerde PDL cellen. Concluderend tonen deze resultaten aan 
dat PDL cellen in staat zijn om het proces van parodontale regeneratie te stimuleren door 
het afgeven van een trofische factor die in staat is om botvorming te stimuleren in het 
omliggende weefsel van de gastheer.  
4. Wat is de invloed van mechanische belasting op PDL cellen in een drie 
dimensionaal (3D) celkweek systeem?  
Parodontitis is een aandoening die de ondersteunende structuren van de tand 
aantast, en zo uiteindelijk kan leiden tot tandverlies. In hoofdstuk 5 werd een 3D 
weefselkweekmodel ontwikkeld, waarin uiteindelijk transplanteerbare constructen voor 
parodontale defecten gekweekt zouden kunnen worden. Tegelijkertijd is een dergelijk 
model ook geschikt om in vitro experimenten uit te voeren, en zo bijvoorbeeld de effecten 
van mechanische belasting te bestuderen. In dit onderzoek werden GFP-gelabelde PDL 
cellen van rat incisieven ingesloten in een 3D matrix en vervolgens blootgesteld aan 
mechanische belasting, al dan niet in combinatie met een chemische stimulus (Emdogain; 
EMD). De mechanische belasting bestond uit  unilaterale rek (8%, 1 Hz) die werd 
toegepast gedurende 1, 3, of 5 dagen. De resultaten lieten zien dat cellen tijdens een 
onbelaste kweek willekeurig verspreid lagen in de kunstmatige PDL matrix, en geen 
voorkeur voor een bepaalde oriëntatie vertoonden. Mechanische belasting leidde tot een 
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verhoogd aantal cellen, terwijl daarnaast de cellen van oriëntatie veranderden. De cellen 
gingen, afhankelijk van de tijd en de positie, in een richting liggen die loodrecht op de 
richting van de belasting lag, net zoals dit bij een natuurlijk PDL het geval is. Het toevoegen 
van EMD leidde tot een significant effect op de groei van PDL cellen, en tot een verhoogde 
expressie van de genen BSP en Col-I, terwijl Runx-2 naar beneden werd gereguleerd. Een 
combinatie van chemische en mechanische belasting was ook mogelijk, maar daarbij 
traden geen synergetische effecten op. In conclusie werd in dit hoofdstuk dus een nieuw 
model geïntroduceerd voor onderzoek naar PDL-gerelateerde regeneratie. Behalve dat dit 
3D model gevalideerd werd om het natuurlijke PDL zo betrouwbaar mogelijk na te bootsen, 
kon in deze gecontroleerde aanpak het celgedrag onder invloed van mechanische belasting 
en andere stimuli bestudeerd worden.  
5. Hoe wordt het gedrag van PDL cellen beïnvloed door het toepassen van  
multi-factoriële stimuli; een substraat met nanotextuur in combinatie met mechanische 
vervorming?  
PDL cellen spelen een belangrijke rol in het remodelleren van botweefsel en bij het 
vormen van ligament rond de tand. In deze processen zijn de mechanische belasting op-, 
en de specifieke omgeving van de cellen nauw betrokken. De meeste in vitro celkweek 
experimenten laten de mechanische belasting en structurele aspecten van het substraat 
echter buiten beschouwing, of bestuderen deze aspecten onafhankelijk van elkaar, en 
representeren daarmee de natuurlijke micro-omgeving van het PDL dus niet erg 
nauwkeurig. Daarom werd in hoofdstuk 6 de invloed van gecombineerde 
mechanisch-topografische stimuli bestudeerd, op de morfologie, proliferatie, en bot of 
ligament differentiatie. Humane PDL cellen werden gezaaid op een substraat met een 
nanometrisch oppervlakte groefpatroon, en vervolgens blootgesteld aan een periode van 
2 dagen cyclische belasting. Celmorfologie werd bepaald met een fluorescente kleuring. 
Verder werd de totale hoeveelheid DNA, en de mRNA expressie van osteogene 
(transcriptie factor Runx2, Osteocalcine) en ligament-gerelateerde (transcriptie factor 
Scleraxis, Elastine) genen bepaald. Gezien werd dat de PDL cellen hun vorm aanpasten 
volgens de nanometrische textuur, en altijd parallel lagen aan het groefpatroon. Wanneer 
cellen werden blootgesteld aan mechanische belasting verloren zij echter hun initiële 
voorkeursoriëntatie zoals geïnduceerd door het nano-patroon. Bij dergelijke dubbele 
stimulatie werd na 3 dagen meer totaal DNA gemeten. Verder werd er een significant en 
verhogend effect op de expressie van Runx2 gemeten in deze gecombineerde groep. Voor 
de merkergenen gerelateerd aan het ligament, Scleraxis and Elastin, werd gezien dat de 
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expressie toenam bij mechanische belasting, terwijl deze juist afnam bij een oppervlak met 
een  nano-patroon. In conclusie lieten de resultaten dus zien dat mechanische stimulatie 
een cruciale factor is die parodontaal celgedrag beïnvloeden kan, door het veranderen van 
de activiteit van osteogene en ligament genen. Nanostructuur kan gebruikt worden om de 
structuur van natuurlijke extracellulaire matrix na te bootsen, en leidt eveneens tot 
verschillende effecten op PDL cel morfologie en genexpressie. 
2. Afsluitende opmerkingen en toekomstperspectief 
Dit proefschrift wilde meer inzicht verschaffen in het proces van regeneratie rond het 
parodontium. Om dit doel te bereiken werden er twee verschillende 
onderzoeksstrategieën gevolgd. Ten eerste werd in een diermodel de transplantatie van 
cellen afkomstig uit het PDL onderzocht. Ten tweede werd een meer fundamentele aanpak 
gevolgd, waarbij verschillende in vitro model systemen werden ontwikkeld die tot meer 
begrip kunnen leiden over de invloed van mechano-topografische stimuli op het gedrag 
van de PDL cellen.  
De resultaten van de in vivo cel implantatie studies lieten zien dat PDL 
celtransplantatie parodontale regeneratie bevordert, maar op een indirecte manier. De 
bijbehorende in vitro cokweek en in vivo immunohistologemische studies lieten zien dat 
PDL cellen het proces van botvorming bevorderen, door het afgeven van stimulerende 
factoren op cellen in de directe omgeving. Zulke paracriene effecten zijn als het kritische 
proces te beschouwen, waarmee PDL cellen in staat zijn een superieure weefsel 
regeneratie te veroorzaken. Daarnaast werd een hogere expressie van gap junctions 
gevonden in de gebieden waar celtransplantatie had plaatsgevonden, wat er op wijst dat 
er ook een intensievere uitwisseling plaatsvindt van kleine boodschappermoleculen tussen 
de geïmplanteerde PDL cellen en de gastheer cellen in de directe omgeving.  
Naast het diermodel werd ook een meer fundamentele onderzoeksrichting 
vervolgd.  Aangezien het parodontium gekenmerkt wordt door een hoge graad van 
organisatie, en zich onder voortdurende mechanische belasting bevindt, werd 
verondersteld dat mechano-topografische stimuli net zo belangrijk zijn in het 
regeneratieve proces als mediërende eiwitfactoren. Gebruik makend van een zeer 
gecontroleerd 3D weefselkweek model, werd aangetoond dat PDL cellen van richting 
kunnen veranderen na mechanische stimulatie. De cellen veranderden hun oriëntatie ten 
gunste van de mechanische belasting, zelfs nadat zij eerst waren gekweekt op een 
substraat voorzien van een nano-patroon dat juist bepalend was voor celmorfologie onder 
onbelaste omstandigheden. Een dergelijk fenomeen is zeer waarschijnlijk een goede 
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afspiegeling van het natuurlijke proces van ligament vorming. Tijdens de aller-vroegste 
fase van regeneratie bestaat er geen organisatie in de omgeving van de PDL cellen. Dit 
belet de PDL cellen dan ook om op een geordende wijze collagene vezels te vormen. 
Tijdens het regeneratieve proces reageren de cellen echter actief op de mechanische 
belasting, en gaan zich daardoor herschikken. Vervolgens produceren deze cellen dan ook 
extracellulaire matrix in een bepaalde voorkeursrichting, om op die manier de 
mechanische belasting te kunnen weerstaan. Als direct gevolg van de mechanische 
belasting verandert de oriëntatie van de PDL vezels van chaos naar orde. Alleen de vezels 
die afgezet zijn op de correct georganiseerde manier zijn in staat mechanische belasting 
efficiënt over te dragen.  
De theoretische voorspellingen vanuit het in vitro model komen nauw overeen met 
de bevindingen van de in vivo PDL cel implantatie studie. Naast de vorming van harde 
weefsels, werd ook de vorming van nieuw ligament gevonden in een parodontaal defect 
model in de rat. Aangezien de vorming van nieuw en correct georganiseerd ligament altijd 
gepaard gaat met botvorming, kan er zelfs gehypothetiseerd worden dat de vorming van 
hard weefsel zelfs een randvoorwaarde is voor ligament vorming. Alleen na de vorming 
van het botweefsel is er namelijk de mogelijkheid dat er mechanische belasting kan 
plaatsvinden, uiteindelijk resulterend in de hierboven beschreven vorming en ordening 
van de collagene bundels in een bepaalde voorkeursrichting.  
Op dit moment blijft de vraag over, hoe nu met een weefselregeneratie strategie 
gebaseerd op celtransplantatie verder te komen, tot aan een breed toepasbare aanpak in 
de klinische praktijk. Om dit mogelijk te maken zullen eerst een aantal beperkingen en 
vervolgonderzoeken moeten worden onderkend. Ten eerste is het belangrijk om te 
realiseren dat alle bevindingen over parodontale weefselregeneratie tot dusverre gedaan 
zijn in celkweek en dierstudies, die natuurlijk niet altijd direct vertaalbaar zijn naar de 
menselijke situatie. Dit proefschrift focusseerde voornamelijk op het gedrag van PDL cellen 
in een gecontroleerd, maar chirurgisch veroorzaakt parodontaal defect model. De invloed 
van een natuurlijk aangedane anatomie, en daarbij ook de microbiële omgeving, op het 
proces van regeneratie blijft vooralsnog onopgelost. In de toekomst zullen er alternatieve 
parodontale defect modellen ontwikkeld en gebruikt moeten worden die meer lijken op de 
uitdagende klinische situatie, bijvoorbeeld modellen die horizontaal botverlies nabootsen 
samen met de juiste omgevingsfactoren (aanwezigheid van de betrokken 
micro-organismen).  
Ten tweede zal het klinisch toepassen van autologe PDL cellen lastig zijn door de 
beperkte aanwezigheid van deze celbron. In de praktijk is het niet allen gecompliceerd om 
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voldoende gezonde cellen te verkrijgen van patiënten met een parodontale aandoening, 
maar het is ook lastig om PDL cellen te verkrijgen zonder het extraheren van een element. 
Het is bekend dat stromale cellen uit het beenmerg over het vermogen beschikken om 
naar meerdere fenotypen te differentiëren. Toekomstig onderzoek zou dus kunnen 
beschouwen of het gebruik van dit celtype klinisch eerder haalbaar zal zijn voor gebruik in 
parodontale weefselregeneratie.  
Ten derde zijn de signaalmoleculen waarmee de getransplanteerde cellen specifieke 
weefselregeneratie kunnen bewerkstelligen nog grotendeels onbekend. Er is 
vervolgonderzoek nodig om de cellulaire en moleculaire processen op te helderen  die 
betrokken zijn bij de restauratie van verloren gegaan parodontaal weefsel, voordat een 
betrouwbare biologische therapie ontwikkeld kan worden. Alleen wanneer de overspraak 
tussen de geïmplanteerde cellen en de cellen van de gastheer zorgvuldig ontrafeld is, kan 
parodontale weefselregeneratie waarschijnlijk eenvoudiger en meer effectief worden 
toegepast, door dan alleen nog dragermaterialen te gebruiken, die voorzien zijn van alle 
complexe biologische signalen, en daarmee de gastheercellen aan kunnen sturen zonder 
dat implantatie van exogene cellen nodig is.  
In samenvatting, lijkt het duidelijk dat de huidige behandelopties voor het bereiken 
van volledig parodontaal herstel niet ideaal zijn, en dat de techniek van weefselregeneratie 
potentieel heeft om een dergelijk doel wel te bereiken. Het is nodig vele eigenschappen te 
beschouwen zoals de keuze van de cellen, signalen, en matrix, allen in de juiste temporele 
en ruimtelijke volgorde. Voordat parodontale regeneratie op deze wijze geschikt is voor 
klinische toepassing moeten er echter nog vele horden genomen worden, en is eerst meer 
begrip nodig van de onderliggende cellulaire processen. Geavanceerde celkweekmodellen, 
die meerdere locale aspecten van het natuurlijk weefsel nauwkeurig kunnen nabootsen, 
kunnen een belangrijke rol spelen bij het verkrijgen van dergelijk begrip.  
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